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Abstract 
 Rare earth elements are part of the lanthanide series in the periodic table.  The uses and 
applications for these elements are ever increasing.  Applications vary from smart phones to 
medical imaging equipment and more.   
 Current separation techniques used today are hydrometallurgically intensive.  The 
purpose of this study was to investigate a pyrometallurgical alternative to separate rare earth 
elements in ores.  The proposed method, chlorination, would convert the rare earth oxides to 
chlorides and then apply vapor phase separation techniques to isolate the rare earth chlorides by 
temperature.   
 Various reagent grade rare earth oxides were initially studied to determine chlorination 
efficiencies.  Chlorination optimization experiments were then performed on Yb2O3, where the 
parameters were refined.  Experimental products were analyzed by x-ray diffraction and 
inductively coupled mass spectrometry to determine overall conversion efficiency.  The 
optimized parameters of 330oC, a molar ratio (NH4Cl:REO) of 21:1, and a time at temperature of 
one hour were applied to actual rare earth ore and concentrate samples.  Overall conversion 
efficiencies of 92.15% were achieved from concentrate samples and 94.51% from ore samples. 
 A sequential method was applied to high temperature vaporization experimentation.  
First, thermogravimetric analysis and individual vaporization experiments were performed on 
reagent grade rare earth chlorides.  Next, trials proceeded to separate mixed series of light and 
heavy reagent grade rare earth chlorides.  Lastly, vaporization techniques were applied to 
chlorinated ore samples.  Results were determined through SEM evaluation on the captured 
residues.  Although selective vaporization was observed, further evaluation is necessary to 
understand and refine the process.   
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Glossary of Terms 
Term Definition 
REE Rare Earth Element:  Elements located in lanthanide series of the Periodic 
Table. Atomic Numbers 57-71 
REEs Rare Earth Elements:  plural of the above 
RECl Rare Earth Chloride 
REOCl Rare Earth Oxy-chloride: an undesirable product 
ICP Inductively Coupled Plasma: A process used to analyze samples within a 
solution 
XRD X-Ray Diffraction: A process that is used to analyze and determine phases 
and species of crystalline materials 
TGA Thermogravimetric Analysis: A technique that monitors changes in physical 
or chemical properties as a function of time or temperature by recording 
mass loss and heat flow. 
MLA Mineral Liberation Analysis 
Roasting Use of elevated temperature to assist or enable a chemical or physical 
change to occur 
Volatization Use of heat to make substances change phases from a solid to a gas 
EPA Environmental Protection Agency: A governing body in place that creates 
and enforces laws to protect the greater good of the environment and 
society 
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1. Introduction 
Rare Earth Element (REE) demand has increased greatly in recent years and this trend is 
expected to continue. China currently dominates the world market as the major producer of REE.  
China is the only major producer and exporter of large quantities of rare earth metals.  In April 
2010, China produced 97% of the world’s rare earth ore and oxides, 75% of the neodymium iron 
boron magnets (NdFeB), and 60% of the samarium cobalt magnets (SmCo) [1].  Current import 
sources from 2011-2014 for rare earths are China 71%, Estonia 7%, France 6%, Japan 6%, and 
others 10% [2].  Recently, China made it clear that they plan to reduce the amount of REE 
exported to the world market [2] [3].   
Applications for REEs vary from civilian to defense and new applications are being 
continually discovered.  REE are essential components in electronic devices for defense 
applications, medical scanners, batteries in hybrid vehicles, catalysts, optics and their respective 
coatings [4].  REEs and their commercial applications are listed in Table I, whereas REEs and 
their national defense applications are listed in Table II. 
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Table I:  REE and their respective applications within the commercial market [5] 
REE Application 
Scandium (Sc) High-strength Al-Sc alloys, electron beam tubes 
Yttrium (Y) Capacitors, phosphors, microwave filters, glasses, oxygen 
sensors, radars, lasers, superconductors 
Lanthanum (La) Glasses, ceramics, car catalysts, phosphors, pigments, 
accumulators 
Cerium (Ce) Polishing powders, ceramics, phosphors, glasses, catalysts, 
pigments, misch metal, UV filters 
Praseodymium 
(Pr) 
Ceramics, glasses, pigments 
Neodymium 
(Nd) 
Permanent magnets, catalysts, IR filters, pigments for glass, 
lasers 
Promethium 
(Pm) 
Sources for measuring devices, miniature nuclear batteries, 
phosphors 
Samarium (Sm) Permanent magnets, microwave filters, nuclear industry 
Europium (Eu) Phosphors 
Terbium (Tb) Phosphors 
Dysprosium 
(Dy) 
Phosphors, ceramics, nuclear industry 
Holmium (Ho) Ceramics, lasers, nuclear industry 
Erbium (Er) Ceramics, dyes for glass, optical fibers, lasers, nuclear industry 
Ytterbium (Yb) Metallurgy, chemical industry 
Lutetium (Lu) Single crystal scintillators 
Thulium (Tm) Electron beam tubes, visualization of images in medicine 
Gadolinium 
(Gd) 
Visualization of images in medicine, optical and magnetic 
detection, ceramics, glasses, crystal scintillators 
 
  
3 
 
Table II:  REE U.S. Defense Applications (adapted from Grasso [1]) 
REE DoD Application  Technology Functions/Applications Examples 
Sm, Pr, 
Dy, Tb 
Guidance Control 
System 
Small Powerful 
Permanent 
Magnets 
Guidance and Control 
Electric Motors and 
Actuators 
Tomahawk Cruise Missile 
Smart Bombs 
JDAM 
Joint air to ground fin actuator 
Many 
Defensive 
Electronic Warfare 
Energy 
Storage/Density 
Amplification, 
Capacitance 
Electronic Warfare, 
Directed Energy Weapons 
Jamming Devices 
Electromagnetic Rail gun 
Nickel Metal Hydride Battery 
Area Denial System 
Long range acoustic device and area 
denial systems on "Stryker" vehicle 
Y, Eu, Tb 
Targeting and 
Weapons Systems 
Amplification of 
Energy and 
Resolution 
Targeting and Weapons 
Laser targeting 
Air based lasers 
Laser avenger 
SaberShot Photonic Disruptor 
FCS vehicle equipped with laser 
weapon 
Nd, Pr, 
Sm, Dy 
Tb 
Electric Motors 
Compact Powerful 
Permanent 
Magnets 
Electric Drive Motors 
CHPS future combat 
Integrates starter generator 
Hub mounted electric traction drive 
Zumwalt DDG 1000 (NAVY) 
Joint Strike Fighter and more 
electric aircraft 
Nd, Y, La, 
Lu, Eu 
Communication 
Amplification, 
Enhanced 
Resolution of 
Signals 
Radar, Sonar, Radiation, 
and Chemical Detection 
Sonar transducers 
Radar 
Enhanced (lambda) ray radiation 
detection 
Multipurpose Integrated Chemical 
Agent Alarm (MICAD) 
 
Until recently, no major investments in the United States were directed toward REE 
extraction and development.  Unfortunately, REE prices have dropped 47.8% from 2014 to 2015 
and the downward trend is expected to continue [3].  In August 2015, Molycorp announced it 
would shut down the Mountain Pass Mine in California [6], which was the only mine in the U.S. 
actively producing and selling rare earths.  Molycorp stated that it was no longer economical to 
continue operations.  This development leaves the United States and Europe largely dependent 
on foreign supplies [6]. 
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Currently, rare earth extraction and separation are accomplished by hydrometallurgical 
methods.  These processes are complex; rare earths are difficult to separate from each other due 
to similar properties (ionic charge, ionic radius).  The required multi-step leach circuits create 
large waste streams adding cost due to the fact that they need to be neutralized to reduce 
environmental concerns. 
The purpose of this research is to evaluate an alternative to the conventional 
hydrometallurgical processes.  The oxides will be converted to chlorides but a pyrometallurgical 
process would be utilized instead of using chemicals and solvents that produce waste water 
streams.   
Research in the area of chlorination of rare earths is not novel.  It has been researched 
through multiple sources of chlorine donation including hydrogen chloride [7] [8] [9], chlorine 
[10]
 
[11]
 
[9], carbochlorination [10], and ammonia chloride [9] [12].  Many other well-known metals 
including titanium, aluminum, magnesium, and zirconium oxides undergo chlorination 
operations for extraction [13]. 
The second step of the research, selective vapor phase extraction of rare earths is not new 
either.  It has been previously researched by Sun [14], Murase [15] [16], Adachi, Wang [17], and 
Zhang [18].  Adachi and Ozaki are referenced in research that led to a recycling process used for 
recycling rare earth elements [19] [20].  The previous research used a one-step method where 
AlCl3(g) and KCl(g) were used to directly chlorinate the ore, then as transporting agent for the 
vaporized chlorides; whereas in this research a two-step approach was employed.  The first, a dry 
chlorination roast using NH4Cl at low temperatures.  The separation process is a second step, 
where the chlorinated rare earths or ore would then be placed in a high temperature furnace with 
argon as the carrier gas.  Chlorination, a dry process, is more efficient as energy is not required 
5 
 
to dry the extracted materials (hydrometallurgy).  In the current research, chemical conversion 
efficiencies for Yb2O3 to YbCl3 reached 92%.  The same parameters applied to ore bodies 
reached 94.51%, higher than that of the concentrates (92.15%).  These results were obtained 
without the addition of carbon which affects regulated emissions (CO and CO2).  Direct 
chlorination has two bi-products during roasting, ammonia (NH3) which can be captured through 
a scrubber, and water.   
The results are promising.  Separated RECl compounds exhibited both isolated 
condensation zones and larger areas with gradients.  There is potential, with further research, 
improvements, and refinement to develop an industrial process. 
1.1. Mineralogy  
REEs consist of 15 elements from the Periodic Table starting with lanthanum (La) and 
ending with lutetium (Lu).  REEs are also called lanthanides or elements in the lanthanide series.  
REEs are frequently categorized as “lights” and “heavies” based on their respective atomic 
weights.  “Lights” consist of atomic numbers 58 to 63 whose respective elements are Sc, La, Ce, 
Pr, Nd, Pm, Sm, and Eu.  “Heavies” comprise atomic numbers 64-71 with the corresponding 
elements of Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y.  REEs in order of their atomic number and 
respective properties are listed in Table III.  Sometimes scandium and yttrium have the same 
ionic charge and are able to substitute for other REEs but do not have similar atomic masses.   
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Figure 1:  Periodic Table showing the Lanthanides (REEs) including Sc and Y. 
Light REEs start at Eu and go left, Heavy REEs start at Gd and go right. [21] 
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Table III: REE and some of their respective properties.  Note that the ionic charge and radius are very 
similar; these similarities allow REE to easily substitute for one another within the minerals.  Parts of table 
reproduced from [22]. 
  
REE 
Atomic 
No. 
Atomic 
Weight 
(g/mol) 
Melting 
Point 
(oC) 
Boiling 
Point  
(oC) 
Ionic 
Charge 
(+) 
Ionic 
Radius 
(nm) 
Light 
Scandium 21 44.956 1541 2836 3 --- 
Lanthanum  57 138.906 918 3457 3 0.103 
Cerium  58 140.115 798 3426 3 0.102 
Praseodymium  59 140.908 931 3512 3 0.099 
Neodymium  60 144.240 1021 3068 3 0.098 
Promethium  61 145.000 1042 3000 3 0.097 
Samarium  62 150.360 1074 1791 3 0.096 
Europium 63 151.965 822 1597 3 0.095 
Heavy 
Gadolinium  64 157.250 1313 3266 3 0.094 
Terbium  65 158.925 1356 3223 3 0.092 
Dysprosium  66 162.500 1412 2562 3 0.091 
Holmium  67 164.930 1474 2695 3 0.090 
Erbium  68 167.260 1529 2863 3 0.089 
Thulium  69 168.934 1545 1947 3 0.088 
Ytterbium  70 173.040 819 1194 3 0.087 
Lutetium  71 174.967 1663 3395 3 0.086 
Yttrium 39 88.906 1522 3203 3 --- 
 
Rare earth elements typically occur in low concentrations as oxides or carbonates in ore 
bodies.  The largest concentrations are bound in the monazite and bastnasite ores.  Bastnasite is a 
carbonate (RECO3) mineral that is typically contains cerium, lanthanum, neodymium, and 
yttrium (Ce, La, Nd, Y).    The Mountain Pass Mine located in Northern California recovers its 
ore from a bastnasite deposit [4] [23]. 
Monazite is a phosphate mineral (REPO4) and can typically contains 60-62 weight 
percent (wt%) REO [23].  Monazite is usually found with thorium deposits, with thorium content 
usually greater than 20 wt% [23].  REE typically contained in monazite are cerium (Ce), 
lanthanum (La), yttrium (Y), and thorium (Th).  The monazite ore used in this study originated at 
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the Bear Lodge deposit in Wyoming.  Additionally, Bear Lodge can also recover its ore from 
thorite and brockite mineral deposits.  REE concentrations are extremely low in these minerals, 
although thorite does contain 10 to16 wt% uranium oxide (UO2) 
[23].  The presence of uranium 
can add further steps and/or cause complications for processing.   
Mineralogical analyses were performed on the Bear Lodge samples by the Center for 
Advanced Mineral & Metallurgical Processing (CAMP) at Montana Tech.  The samples were 
analyzed using both Minerals Liberation Analysis (MLA) and ICP fusion techniques.  
Mineralogical breakdown of the concentrates supplied by Bear Lodge is presented in Table IV.  
Samples RE 1, 2, and 3 were evaluated in this study and were classified as concentrates by the 
Bear Lodge property.  The elemental breakdown of REE contained in the concentrates are 
presented in Table V and Table VI.  The ICP data given in Table VI (Carter [12]) indicate a higher 
concentration of REE than originally reported in Table V which was determined through MLA.   
  
9 
 
Table IV:  Rare earth concentrate mineralogy as determined through MLA.  Elements highlighted in green 
represent REE bearing minerals.  [24] 
Mineral Formula Wt% 
REE 1  REE 2  REE 3  
Aegirine NaFeSi2O6 0.2 0.2 0.0 
Alunite KAl3(SO4)2(OH)6 0.0 0.0 0.0 
Ancylite Sr(Ce,La)(CO3)2(OH)H2O 0.6 0.5 2.3 
Apatite Ca5(PO4)3F 0.7 0.8 0.0 
Barite BaSO4 2.7 2.4 0.0 
Bastnasite (Ce,La)(CO3)F 5.3 5.8 24.8 
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 12.3 11.9 0.0 
Calcite CaCO3 0.0 0.0 0.0 
Cerianite (Ce,Th)O2 5.9 5.3 0.0 
Chalcopyrite CuFeS2 0.0 0.0 0.0 
Coronadite PbMn8O16 0.6 0.8 0.0 
FeO Fe2.5O3.5 17.4 21.3 0.1 
Goyazite SrAl3(PO4)(PO3OH)(OH)6 0.1 0.1 0.0 
Grossular Ca3Al2Si3O12 0.0 0.0 0.0 
Hollandite BaMn8O16 7.0 6.0 0.0 
Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.0 0.0 0.0 
Ilmenite FeTiO3 0.6 0.7 0.0 
Jarosite KFe3(SO4)2(OH)6 0.0 0.0 0.0 
K_Feldspar KAlSi3O8 7.5 9.0 0.0 
Mica KAl2(AlSi3O10)(OH)2 4.6 3.3 0.0 
MnO (MnO(OH))(MnCO3)Ba0.1 10.4 11.4 19.0 
Monazite (La,Ce)PO4 8.1 5.3 22.3 
Parisite Ca(Ce,La)2(CO3)3F2 8.5 9.4 31.1 
Plagioclase (Na,Ca)(Al,Si)4O8 0.2 0.2 0.0 
Quartz SiO2 4.4 3.8 0.2 
Rhodonite_Ba (Mn,Fe,Mg,Ca)SiO3Ba0.05 2.5 1.5 0.1 
Rutile TiO2 0.3 0.4 0.0 
Total   100.0 100.0 100.0 
Total REE Bearing Minerals Wt% 28.4 26.2 80.5 
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Table V: REE SEM/MLA elemental analysis (wt%) of the Bear Lodge ores. [24] 
Constituent 
RE1 RE2 RE3 RE4 RE5 RE6 
Con Con Con Ore 1 Ore 2 Ore 3 
Al 8.57% 8.03% 4.58% 10.14% 13.86% 3.41% 
Ca 3.65% 3.79% 5.35% 1.83% 1.64% 29.76% 
Ce 10.05% 10.41% 19.25% 2.67% 0.93% 4.02% 
Dy 0.26% 0.28% 0.50% 0.08% 0.03% 0.09% 
Er 0.00% 0.00% 0.00% 0.02% 0.01% 0.00% 
Eu 0.13% 0.13% 0.21% 0.04% 0.02% 0.04% 
Fe 18.90% 20.15% 0.29% 31.19% 15.31% 20.43% 
Gd 0.33% 0.35% 0.66% 0.10% 0.05% 0.11% 
Ho 0.00% 0.00% 0.03% 0.00% 0.00% 0.00% 
K 6.69% 6.98% 0.38% 16.77% 23.17% 5.32% 
La 9.63% 10.57% 20.71% 2.81% 0.82% 4.21% 
Lu 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Mg 1.19% 1.23% 0.66% 0.48% 1.37% 0.99% 
Na 0.42% 0.37% 19.52% 0.39% 1.10% 0.15% 
Nd 4.45% 4.62% 7.01% 1.10% 0.47% 1.60% 
Pr 1.28% 1.34% 2.13% 0.34% 0.14% 0.49% 
S 0.53% 0.51% 0.13% 0.21% 0.12% 0.49% 
Sc 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
Sm 0.34% 0.35% 0.41% 0.09% 0.05% 0.10% 
Tb 9.03% 9.88% 19.18% 2.54% 0.75% 3.78% 
Th 0.25% 0.29% 0.00% 0.08% 0.03% 0.06% 
Tm 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
U 0.28% 0.38% 0.00% 0.34% 0.09% 0.25% 
Y 0.11% 0.16% 0.81% 0.00% 0.00% 0.00% 
Yb 0.01% 0.01% 0.03% 0.00% 0.00% 0.00% 
 
Carter et al. [12] performed ICP analysis on the six samples from the Bear Lodge deposits; 
the results are summarized in Table VI.  Elements highlighted in yellow are proper REEs, those 
in blue are additional lanthanides of interest. Only RE 1, RE 2, and RE 3 were the subjects of 
chlorination and vaporization experimentation in this study.  
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Table VI:  wt% of REE in Bear Lodge samples found by ICP (adapted from Carter [12]) 
  Concentrates (wt%) Ores (wt%) 
Sample 
No. RE1 RE2 RE3 RE4 RE5 RE6 
% Ce 7.080 7.480 12.700 2.140 0.680 3.150 
% Dy 0.054 0.059 0.137 0.021 0.007 0.014 
% Er 0.018 0.200 0.041 0.008 0.003 0.005 
% Eu 0.076 0.078 0.113 0.021 0.011 0.026 
% Gd 0.140 0.141 0.242 0.035 0.013 0.035 
% La 4.790 5.320 8.960 1.390 0.416 2.100 
% Nd 2.270 2.440 3.490 0.603 0.274 0.929 
% Pr 0.769 0.816 1.260 0.204 0.085 0.321 
% Sm 0.450 0.460 0.652 0.119 0.061 0.161 
% Tb 0.014 0.015 0.027 0.005 0.002 0.004 
% Yb 0.005 0.006 0.014 0.003 -0.001 0.001 
Total  15.666 17.015 27.636 4.549 1.551 6.746 
 
The similar chemical properties of REEs make it extremely difficult to separate 
individual elements from each other in the host ore.  REE typically have a +3 valence [23].  Rare 
earths are typically found sharing the same mineral bodies and because of their similar ionic 
sizes and charges (Table III), can easily substitute for each other within a mineral carbonate 
matrix.  Rare earth bearing minerals (highlighted in green) presented in Table IV show how the 
same rare earths are bound within a mineral.  As an example, monazite is a phosphate mineral 
which could contain either lanthanum or cerium.   
 
1.2. Extractive Processes  
Extractive metallurgy involves methods to remove or extract desired elements from an 
ore using chemistry.  The subject can be subdivided in two separate fields; hydrometallurgy and 
pyrometallurgy.   
12 
 
Hydrometallurgy involves the use of liquid (aqueous) chemistry to remove the desired 
elements to the solution phase at low temperatures through the use of water, acidic, or basic 
solutions.  The leachant is chosen based on its desired reactivity with the target minerals and 
elements.  Usually, some elements go into solution and the remaining solids are left behind.  The 
solution, called a liquor, can then be concentrated and purified through precipitation, 
cementation, solvent extraction or ion exchange [25]. 
Current hydrometallurgical separation methods used in REE extraction involve a multi-
step process, with each creating its own waste stream [23].  Mountain Pass’s simplified process 
flow necessary to separate REOs from the ore and then isolate each REE chemically bonded as 
an oxide or chloride compound is presented in Figure 2.   
Pyrometallurgy involves the use of heat (roasting) and additives to provide the energy 
necessary for chemical reactions to occur.  The reactions can create solid, liquid, and gaseous 
products, which can be further separated if necessary based on their physical and chemical 
properties.   
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Figure 2:  Rare Earth Process Flow Sheet for the Mountain Pass Mine production REO and RECl [23] 
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1.3. Environmental  
Costs are much higher in the United States for REE production compared to China, with 
the most notable difference being in environmental costs [26].  China has limited environmental 
regulations in place, and a number of their production mines have created pollution issues, 
including an 11 km2 tailings pond with radioactively-contaminated soil, groundwater, and 
vegetation [27].   
China is working on their environmental issues, and have announced that they would be 
enforcing new environmental policies and cracking down on illegal REE mining within its 
borders [3]. These added costs are offset by efforts to streamline and update current separation 
techniques, lifting of export tariffs and consolidating of companies and assets. [3] 
In the U.S., production costs are increased in order to treat and process waste streams as 
mandated by the Federal Government legislation and the Environmental Protection Agency 
(EPA).  The Mountain Pass Mine was in operation for over 40 years and had gone through a 
major overhaul both to treat previously contaminated areas and to reduce current wastes 
produced [27].  These upgrades use up to 90% recycled water compared to previous processes [27].  
The negative impact is higher production costs. 
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2. Literature Review 
2.1. Carbochlorination/Chlorination 
The earliest rare earth chlorination paper found in the literature review is by Meyer et al. 
(1982) [8].  The authors provide a thorough breakdown of paths used to convert RE2O3(s) to 
RECl.  The greatest obstacle encountered was to prevent the formation of a rare earth 
oxychloride (REOCl).  Rare earth oxychlorides have the potential to form even at room 
temperatures when rare earth chlorides are exposed to moist air. 
Meyer et al. developed a two-step chlorination process.  The first step was to form 
ammonium yttrium chloride ((NH4)3YCl5) by boiling 50 ml of concentrated hydrochloric acid 
with 1 mmol of Y2O3 for a few minutes.  Six mmoles of NH4Cl were added to the solution, 
which was slowly evaporated.  The residue was placed in a furnace and slowly heated to 200oC 
with a stream of dry HCL flowing through the tube and held overnight.  The second step was to 
thermally decompose (NH4)3YCl6 to YCl3 via the following 2-step reaction: 
 
2(𝑁𝐻4)3𝑅𝐸𝐶𝑙6=5𝑁𝐻4𝐶𝑙 + 𝑁𝐻4𝑅𝐸2𝐶𝑙7 
 
(1) 
𝑁𝐻4𝑅𝐸2𝐶𝑙7 = 𝑁𝐻4𝐶𝑙 + 2𝑅𝐸𝐶𝑙3 
(2) 
 
Meyer placed the product created in step one in a platinum crucible, which was then 
placed in a glass tube in the furnace.  The tube was evacuated, the evolved gases were passed 
through a cool air trap while the overall temperature of the furnace was raised from 350-400oC.  
The remaining residue in the crucible after treatment was a rare earth chloride (RECl). 
It was found that ammonium chloride was effective as a chloridizing agent, achieving up 
to 99.8% conversion efficiency.  The chlorination reaction required a NH4Cl:RE2O3 molar ratio 
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2-2.5 times greater than stoichiometric.  It is believed that as the ammonium chloride 
disassociates it prevents the hydrolysis of the RECl reaction product [8].  An oddity noted is that 
none of the NH4Cl appeared to have been driven out of the chamber via sublimation in 
temperatures ranging from 180-360oC (Tsublimation=340
oC).  Even when experiments ran for 20 
hours, there was little mass loss from the ammonium chloride.  Meyer also noted that it seemed 
thermodynamically unfavorable to convert a RE2O3 directly to a RECl, although no supporting 
data were provided.  Meyer et al. proposed further work using XRD to follow the chlorination 
reaction path through a stepwise manner and determine what products form [8].   
Brocchi et al (2013). studied three different methods of chlorinating vanadium oxide 
(V2O5) and compared theoretical data to actual data collected through his experiments 
[28].  It is 
important to note that Brocchi et al. used chlorine (Cl2) gas as the reactant.  The basic chemical 
equation is given as (3). 
V2O5 (s) + 4Cl2 (g) = 2VCl4 (s) + 2.5O2 (g) 
(3) 
 
Brocchi et al. first examined the equilibrium constants for reaction (3) at 1173 K, 1273 K, 
and 1473 K, and found that the reaction favored the reactants (K<1).  Therefore, it would not 
proceed to create VCl3.  In order to shift the equilibrium to favor the chlorination reaction, 
carbon was added to the system to react with the excess oxygen and form carbon monoxide (CO) 
or carbon dioxide (CO2).  Carbochlorination reactions are provided as (4). 
V2O5 (s,l) + 4Cl2 (g) + 2.5C (s)= 2VCl4 (l,g) + 2.5CO2 (g) (4) 
V2O5 (s,l) + 4Cl2 (g) + 5C (s)= 2VCl4 (l,g) + 5CO (g) 
 
Now that the oxygen is bound with carbon, the formation of VCl3 would continue.  
Standard Gibbs free energy of formation for each of the reactions was investigated. Gibbs free 
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energy (∆𝐺𝑅
𝑜) as a function of temperature for each chlorination reaction both with and without 
carbon are presented in Figure 3.  
 
Figure 3:  ∆𝐆𝐑
𝐨  versus T in the formation of VCl4 both with and without carbon.  Note how the free energy is 
greatly reduced in the reaction with the addition of carbon. [28] 
 
With the addition of carbon to the system, the standard free energy of reaction, ∆𝐺𝑅
𝑜, has 
a negative value.  The carbon addition provides an equilibrium constant that favors product 
formation.   
Brocchi et al. examined predominance area diagrams for the same reactions at specific 
temperatures while varying the partial pressure of oxygen (𝑃𝑂2) and chlorine (𝑃𝐶𝑙2).  
Predominance area diagrams created using the Gibbs free energy data forming the various oxides 
and chlorides are presented in Figure 4.  In each diagram, a blue square is drawn to highlight 
windows of partial pressures that avoid the VOCl3 formation.   
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Figure 4:  Predominance Area diagrams for the V-O-Cl system at various temperatures from Brocchi et al. 
[28].  The blue windows indicate partial pressure regions that avoid the formation of the oxychloride and form 
a chloride compound. 
 
C:  Predominance diagram for the V-O-Cl 
system at 1273K (1000oC) [28] 
A:  Predominance diagram for the V-O-Cl 
system at 900K (627oC) [28] 
B:  Predominance diagram for the V-O-Cl 
system at 1073K  (800oC) [28] 
D:  Predominance diagram for the V-O-Cl 
system at 1673K (1400oC) [28] 
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Figure 5:  Predominance area diagrams created using StabCal (Huang [29]) to compare to those created by Brocchi. 
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Figure 5 shows the same diagrams created in StabCal for comparison.  Some major 
differences are evident between the two sets of diagrams.  The issues are not related to scaling or 
units; there are differences in dominant phases throughout, mainly with the solid phases.  This 
could be in part to multiple different thermodynamics sets of data used to create the graphs or if 
the data was not available at the time of the creation.  Depending on temperature, it is possible to 
obtain a gaseous chloride phase.   
In short, Brocchi et al. showed that the carbon addition makes the formation of VCl3 
preferentially form over VOCl3.  The value of adding of carbon to aid in the reaction was 
established using thermodynamics laws and equations and confirmed through experimentation.  
Additionally, one can preferentially form one product and/or avoid the formation of others by 
varying the partial pressures.   
Gaviria et al. (2010) [10] studied the carbochlorination of yttrium oxide (Y2O3).  It is 
important to note that the author found that intermediate phases such as yttrium oxychloride 
(YOCl3)  are formed.  It was also discovered that one could produce liquid YCl3 by increasing 
temperature above 800OC.  The goal of the study was to determine an ideal stoichiometry and 
temperature range that would promote YCl3 formation.  The reactions were monitored using a 
thermogravimetric analyzer (TGA) to track mass changes.  Experiments were conducted at a 
fixed temperature over a length of time.  A change in mass indicated one of two things: a 
reaction or a phase change.  Each time a mass change was observed, a portion of the sample was 
removed and analyzed using XRD to determine its composition. 
An initial review of thermodynamic data was performed both with and without the 
addition of carbon in the reaction.  Gibbs free energies were again graphed as a function of 
temperature.  It was found that the addition of carbon did lower the overall free energy of 
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reaction, but not enough to make the YCl3 preferentially form over the YOCl.  Gibbs free 
energies of the reactions are graphed as a function of temperature in Figure 6.  One can see that 
reactions involving the addition of carbon have lower free energies within the temperature range.  
Unfortunately, the energy to form the chloride is not lower than that for the oxychloride. 
 
Figure 6:  Standard Gibbs Free Energy of reaction vs. Temperature for the Y2O3-C-Cl system.  It is 
important to note the reactions with negative free energies are the most likely to proceed.  In the present case, 
YOCl is the stable yttrium species. [10] 
 
Gaviria et al. observed that carbochlorination of Y2O3 generated YOCl at temperatures 
below 600oC (873 K) but above 625oC, the reaction product is YCl.  The finding conflicts with 
the thermodynamic data presented in Figure 6.  
The TGA data at varying temperatures showed that YOCl always forms as an 
intermediate product and additional reactions with Cl2 (g) in the presence of carbon eventually 
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produce YCl3.  Gaviria’s data are reproduced in Figure 7.  In the diagram, nearly horizontal lines 
represent reactions that have approached completion.   
 
Figure 7:  TGA plot showing mass loss over time due to the chlorination reactions and their products.  A 
nearly horizontal line indicates completion of formation.  Reaction products for each line: 
a: Y2O3+YOCl; b: YOCl; c: YOCl+YCl3; d: YCl3 [10] 
 
A comparison of the theoretical Gibbs free energy calculations with the TGA data 
suggests that, at or above 850oC, ∆𝐺𝑜 for the carbochlorination reaction that forms YCl3 should 
shift or have an inflection point with a lower energy on the ∆𝐺𝑜 vs. T graph.  Lastly, there is a 
possibility of another reaction taking place that has not been accounted for that would have a 
lower energy at that temperature.  
Gaviria then created a predominance area diagram for the different reactions involved at 
600oC and 1000oC (Figure 8).  At lower temperatures, no matter the oxygen partial pressure, for 
the reaction to proceed it first must form YOCl, then YCl3.  However, at 1000
oC the YOCl phase 
area shrinks, and can be then avoided by adjusting the partial pressure operating conditions.   
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Figure 8:  Phase Stability Diagram of Y-O-Cl system.  One can see that it is almost impossible at lower 
temperatures to formYCl3 without first forming the YOCl phase. [10] 
 
In conclusion, Gaviria et al. compared both classical thermodynamic data with actual 
physical data.  It was found that carbochlorination can be performed to avoid the formation of 
YOCl.   
Esquivel et al. (2003) [11] investigated the chlorination of cerium dioxide.  Bohe, who was 
also involved in Gaviria’s research, was a co-author of this article, which describes many of the 
same experimental procedures including TGA and XRD.  Esquivel tended to explore the kinetics 
of CeCl3 formation because of the difficulties in the direct chlorination of cerium oxide (5). 
 
2CeO2 + 3Cl2 (g) = 2CeCl3 (l) + 2O2 (g) (5) 
 
It was determined that the above reaction is not thermodynamically favorable and 
typically done in the presence of a reductant (carbon) [11].  The chlorination reaction does not 
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appear to initiate until approximately 800oC.  Gibbs free energy was provided as an equation and 
graphed (Figure 9). 
 
Figure 9:  Gibbs Free Energy vs Temperature for the CeCl2 reaction.  Free energy required is higher than 
that observed for VCl3, making it difficult for the reaction to occur. [11] 
 
Esquivel noted that carbon added to the reaction creates a lower Gibbs free energy, but 
that was not the focus of the experiment.  Instead, the goal was to adjust the equilibrium constant 
in favor of the products by constantly removing them through a continual flow of argon gas [11].  
The argon flow would in essence shift the equilibrium in favor of the products and move the 
reaction forward.  It was also observed that CeCl3 forms above 800
oC and begins to transition 
into the gas phase above 850oC. 
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Figure 10:  Non-isothermal TG curve displaying the chlorination of CeO2.  The equilibrium vapor pressure 
of CeCl3 liquid was equivalent to gas.  Vaporization of the gas phase begins at approximately 800oC [11] 
 
Gaviria investigated the reaction kinetics and determined that an increased gas flow made 
the chlorination reaction proceed more rapidly.  An increase in gas flow would also accelerate 
the reaction by removing the gaseous reaction products. 
2.2. Chlorination/Volatization 
Carter et al. (2013) [12] performed a continuous chlorination and volatization study using a 
semi-continuous reactor.  All roasting and vaporization experiments were performed in a rotary 
calciner.  Ore and concentrate samples were from the Bear Lodge deposit in Wyoming.    
Optimized chlorination parameters were found to be a temperature of 320oC, for a time of one 
hour (60 minutes), with an argon flow rate of 600 mL/min, and a molar ratio of 12:1 
(NH4Cl:REO).   These optimal parameters were found to yield extraction efficiencies above 75% 
and an average of 92.5%.  Temperature was increased to 600oC where the chlorinated ore would 
volatize and allowed to condense on the cooler surface of the neck in the quartz glass rotary 
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calcination tube.  Condensed products were sampled from the neck of the calciner and analyzed 
via XRD.  The gas scrubber solutions were analyzed using ICP to check for rare earths 
remaining in the vapor phase while exiting the calciner.   
Bell et al. (2012) [9] performed an extensive study of chlorination and volatization of rare 
earths.  The project objective was to identify a method to selectively remove samarium and 
neodymium oxide from light water nuclear reactor fuel as a way to make it easier to recycle.  
Thermodynamic data was analyzed to develop initial chlorination parameters.  Bell analyzed 
Gibbs free energies of formation to determine a temperature range where a RECl3 would form in 
preference to REOCl.  Bell plotted predominance area diagrams to determine which phases 
preferentially form while varying partial pressure.  Bell’s approach was to convert the oxide to a 
chloride and then volatize it.  Chlorination was attempted with three different chloridizing 
agents: HCl(g), NH4Cl(s), and a mixture of Cl2 (g) and Ar(g).  Bell determined that optimal 
chlorination was achieved with NH4Cl(s) at a mole ratio of 12:1, temperature of 318
oC, and an 
argon flow rate of 600 mL/min.  Volatization was conducted at a temperature of 1000oC with the 
same argon flow rate.  Longer residence times (60 minutes) resulted in greater chlorination and 
extraction efficiencies.   
2.3. Volatization 
Murase et al. (1993-1996) [19] [15] [16] published multiple papers using a custom vapor 
transport collection system.  According to the published accounts, it appears that Murase and his 
research team pioneered chemical vapor transport (CVT) of rare earths.  Two furnaces were used 
in the experiments with one tube used along the length of both furnaces.  The first furnace was 
used to produce a vaporized gas mixture of AlCl3, nitrogen, and chlorine which is used as the 
chlorinating agent and carrier gas in the second furnace.  The second furnace, comprised of two 
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zones, was made by wrapping kanthol wire the length of the tube to control the temperature 
gradient.  The first zone heated the REO to 1000oC to chlorinate and vaporize the product RECl.    
The second zone was comprised of small tube segments (30 mm long) inserted within the main 
tube.  The smaller segments were used to aid in sample collection of the condensed species.  A 
sketch of the furnace used is in Figure 11.  Specimens consisted of pure rare earth chlorides as 
well as monazite and bastnasite ores.  Murase was investigating the possibility of individual 
RECL condensing in specific temperature zones. 
 
Figure 11:  Illustration of furnace train used in Murase's vaporization experiments. [16] 
 
Multiple trials were performed.  Greater separation was achieved with a stepped heating 
profile as compared to a linear heating profile.  Graphed profiles are presented in Figure 12.  It is 
believed that the stepped profiles create broader zones of the same temperature and allow a 
larger surface for condensing.  The stepped profile was applied to an equal parts system of PrCl3-
GdCl3-ErCl3.  All three RECls were hydrated, as that naturally occurs when exposed to air. 
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Figure 12:  Temperature profiles showing linear gradient (left) and stepped gradient (right).  The stepped 
profile creates wider zone of the same temperature allowing a larger area for condensation [16] 
 
Samples were processed in the furnace train for 12 hours under the stepped profile.  Once 
cooled, the smaller inner furnace tubes were removed individually and leached in deionized 
water to obtain a solution that could be analyzed for rare earth content.  The most promising 
results occurred with a sample composed of equal weight percentages of GdCl3, PrCl3, and 
ErCl3.  Figure 13 reveals the mixture condensed in three distinct zones, each dominated by a 
specific RECl.  Murase determined that overall separation efficiency can be maximized by 
controlling the temperature and gradient. 
 
Figure 13:  Distinct rare earth separation of three rare earth chlorides condensed in separate zones. [16] 
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 Murase then used the same test apparatus (Figure 11) to apply the two-step chlorination 
chemical vapor transport system to monazite and xenotime ores and concentrates from China.  A 
partial analysis of the ores and concentrates are presented in Table VII.  Concentrates went 
through a multi-step process; when finished, REEs precipitated out as oxalates (REPO4) rather 
than oxides. 
 Chlorination and chemical vapor transport (CVT) was conducted in one of two methods, 
depending on the ore.  Total time ranged from 30-82 hours.   
Ionic Ore:  (Ionic ore is beneficiated, refer to Table VII)  The ore was placed in furnace B and 
heated until the desired profile was reached while flowing N2(g) at 30 mL/min.   Once the profile 
was reached, furnace A was heated to a range of 80-200oC to produce Al2Cl6 gas; a flow of Cl2(g) 
at 5 mL/minute was added to a total flow rate 35 mL/min.  The total gas composition was then 
transported into furnace B where chlorination and CVT continued.   
Rare Earth Raw Material:  Potassium carbonate and a small amount of activated carbon (AC) 
were mixed in directly with the ore and placed in furnace B.  Furnace B was started with 
nitrogen flowing at 30 mL/min.  Once the desired temperature profile was reached, chlorine was 
added to the system at 5 mL/min (total flow rate 35 mL/min).  The gas mixture was used to 
chlorinate the ore and allow the vapor transport to start.  Ores were fully chlorinated within one 
to three hours at 1000oC [15].  Condensed species were leached in dilute hydrochloric acid and 
analyzed via X-ray fluorescent spectrometer. 
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Table VII:  Analyses (wt%) of ores evaluated in Murase’s study. [15] 
 Concentrates RPO4 Oxides R2O3 
Monazite Xenotime Monazite Bastnasite Ionic Ore 
La2O3 15 0.67 22 32 28 
CeO2 27 1.9 39 43 3.6 
Pr6O11 4.6 0.27 6.6 4.6 5.9 
Nd2O3 10 1.3 14 12 24 
Sm2O3  0.92   3.8 
Eu2O3  trace   trace 
Gd2O3  2.3   3.0 
Tb4O7  0.55   0.38 
Dy2O3  5.9   1.6 
Ho2O3  0.92    
Er2O3  3.7    
Tm2O3  0.67    
Yb2O3  2.2   0.76 
Lu2O3  trace   trace 
Y2O3 0.52 39 0.62  8.6 
MgO    0.28  
Al2O3 0.29 0.75    
SiO2 1.8 1.5    
P2O5 19 18 0.17 0.33  
K2O  0.17    
CaO 1.6 0.33 0.55 1.4  
TiO2  9.8    
Cr2O3  0.34    
MnO  0.38    
Fe2O3 4.1 5.2    
SrO    3.5  
ZrO2 4.4 0.44    
Nb2O5  0.14    
WO3  0.12    
ThO2 11 0.74 13   
U3O8 0.39 0.74    
  
 The data show that RECls condensed in zones 1-5 in furnace B (Figure 11) or within the 
temperature range of 990-830oC.  Greater extraction efficiency was found with the small slope 
gradient, where the RECls typically condensed above 800oC.  Gangue chlorides consisting of 
CaCl2 and KCl also condensed in zones 1-5.  The individual RECls condensed in the order of La, 
Ce, Pr, Nd, and Y on the surface of the inner tubes (Figure 14).  Murase relates the order of the 
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individual precipitation to their ionic radius and atomic mass.  The smaller the radius, and 
heavier the RECl, the further distance traveled [15].  This observation holds true except for 
yttrium.  Thorium chloride (ThCl4) condensed in zones 5-9 (800-550
oC), and uranium chloride 
(UCl3) overlapped with thorium chloride in zones 5-8. 
 
 
Figure 14:  RECl condensate distribution from monazite.  a)  crude oxides b) concentrate. [15] 
 
2.4. TGA Analysis 
Wendlandt et al. (1957, 1959) [30] [31] performed TGA studies to monitor the 
decomposition of RECl hydrates to anhydrous RECl compounds.  The heating rate was 5.4oC per 
minute while a slow stream of air passed through the furnace [31].  As a generalization, as the 
compounds lose their waters of hydration, they either reach an anhydrous state or are bonded 
with a single water (RECl3*H2O).  For all RECls, this point occurs in the range of 175-205
oC or 
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at the bottom of the first mass loss (Figure 15 and Table VIII).  As temperature continues to 
increase, either a pure RECl or two part RECl/REOCl form, and later, at higher temperatures, a 
pure REOCl.   Finally, the samples revert back to a rare earth oxide (REO).  
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Table VIII:  Summarized results of Wendlandt’s TGA experiments.  Follow along with Figure 15.  [30] [31] 
Rare Earth Chlorides 
Chemical Name Chemical 
Formula 
Results 
(all temperatures in oC) 
Dysprosium Chloride Hexahydrate DyCl3*6(H2O) DyOCl*2DyCl3 at 235
o, DyOCl at 390o, Dy2O3 at 590
o 
Erbium Chloride Hexahydrate ErCl3*6(H2O) Most stable, assumed to be ErCl3 at 175
o, ErOCl at 
380o 
Europium Chloride Hexahydrate EuCl3*6(H2O) EuOcl*2EuCl3 at 225-265
o, EuOCl at 380o 
Gadolinium Chloride Hexahydrate GdCl3*6(H2O) GdCl3*H20 and GdOCl at 270-330
o, full GdOCl at 
445o  
Lutetium Chloride Hexahydrate LuCl3*6(H2O) LuOCl*2LuCl3 at 200
o, LuOCl at 390o, Lu2O3 at 505
o 
Neodymium Chloride Hexahydrate NdCl3*6(H2O) 235-325
o becomes NdCl3*H20, NdOCl at 550
o  
Samarium chloride Hexahydrate SmCl3*6(H2O) 250-325
o becomes SmCl3*H20, SmOCl at 505
o 
Terbium Chloride Hexahydrate TbCl3*6(H2O) TbOCl*2TbCl3 at 250-300
o, TbOCl at 425o 
Ytterbium Chloride Hexahydrate YbCl3*6(H2O) Assumed YbCl3 at 145
o ,205o YbOCl*2YbCl3, 395
o 
YbOCl, Yb2O3 at 585
o 
Praseodymium Chloride Heptahydrate PrCl3*7(H2O) 250-340
o becomes PrCl3*H20, SmOCl at 665
o 
Lanthanum Chloride Heptahydrate LaCl3*7(H2O) 210-375
o LaCl3 some LaOCl, 375
o all LaOCl 
Cerium Chloride Hexahydrate CeCl3*6(H2O)  240
o becomes CeCl3 and then decomposes to CeO2 or 
CeOCl 
Yttrium chloride Hexahydrate YCl3*6(H2O) YOCl after 450
o 
Scandium  Chloride Hexahydrate ScCl3*6(H2O) No true horizontal chloride line Sc2O3 at 710
o 
Holmium Chloride Hexahydrate HoCl3*6(H2O) HoCl3 at 175
o, HoOCl*2HoCl3 at 220
o, HoOCl at 360o 
Thulium Chloride Hexahydrate ThCl3*6(H2O) TmCl3 at 185
o, TmOCl at 405o, Tm2O3 at 535
o 
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Figure 15:  TGA plots of RECL dehdyration schemes from [31], [30].  Mass losses are correlated to the 
formation of REOCl or at higher temperatures REO. 
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3. Theory 
3.1. Chlorination  
Two things are necessary to chlorinate or convert a rare earth oxide to a rare earth 
chloride: a source of chlorine ions (chlorinating agent) and thermal energy (heat).  All of the 
chlorination reactions are endothermic.   
In this study, the chlorine source was solid ammonium chloride (NH4Cl(s)), or hydrogen 
chloride gas (HCl(g)).   Both reactants can directly form the desired rare earth chloride compound 
(6), (8) or an intermediate and undesired product, such as REOCl in reactions (7) and (9).  There 
is also the possibility of only forming the REOCl in the first half of the two-step reaction and not 
proceeding further.  Lastly, a hydrated rare earth chloride compound could also form (reaction 
10).  Hydration issues are frequently encountered in RECls.  The difference between the 
reactions is the amount of energy needed for each reaction in order to form the product.  
Roasting is a process where the energy (heat) is supplied to enable the reaction to proceed. 
Re2O3(s) + 6NH4Cl(s) → 2ReCl3(s) + 6NH3(g) + 3H2O(g) 
 
(6) 
Re2O3(s) + 2NH4Cl(s) → 2ReOCl(s) + 2NH4(g) + H2O(g) 
(7) 
ReOCl(s) + 2NH4Cl(s) → 2ReCl3(s) + 2NH3(g) + H2O(g) 
Re2O3(s) + 6HCl(g) → 2ReCl3(s) + 3H2O(g) (8) 
Re2O3(s) + 2HCl(g) → 2ReOCl(s) + H2O(g) 
(9) 
ReOCl(s) + 2HCl(g) → ReCl3(s) + H2O(g) 
Re2O3(s) + 6HCl(g) → 2ReCl3*3H2O(s) (10) 
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3.1.1. Gibbs Free Energy 
Gibbs free energy, G, for any substance under the stated conditions is the maximum 
energy that can be converted into mechanical work.  This change is equal to the net reversible 
work done by or absorbed during the reaction (reversible) [32]. The free energy can be calculated 
from Equation 1, given the enthalpy and entropy.  From this calculated value, one can determine 
the potential for the reaction to occur (Table IX). 
Equation 1:  Change in standard Gibb’s Free Energy. 
∆𝐺𝑜 = ∆𝐻𝑜 − 𝑇∆𝑆𝑜 
Table IX:  Summary of Gibbs free energy for a chemical reaction. 
Gibbs free energy 
∆𝐺 < 0, (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒) Reaction is favored to proceed.  Reaction has 
the potential to be spontaneous 
∆𝐺 = 0 Reaction is in equilibrium 
∆𝐺 > 0, (𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒) Reaction is not favored to proceed.   
 
When comparing the energy of multiple reactions involving the same set of species 
within a given system, those with lower energies would preferentially occur.  HSC chemistry 7.0 
(Outotec) [33] uses a free energy minimization algorithm that compares multiple chemical 
reactions and their respective free energies to predict the combination of stable species at 
equilibrium.  Figure 16 shows that the RECl is more stable than REOCl for selected rare earths at 
lower temperatures when NH4Cl is the chlorine donor.  Figure 17 and Figure 18 (for light and 
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heavy rare earths respectively) show that the RECl formation is preferred over the REOCl phases 
at lower temperatures. 
 
Figure 16:  Thermodynamic model of REO to RECl conversion as a function of temperature for Ho, Sm, Nd, 
and Yb with NH4Cl. 
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Figure 17:  Thermodynamic model of  light REE chlorination with HCl 
 
Figure 18:  Thermodynamic model of heavy REE chlorination with HCl 
 
L
o
g
 (
k
m
o
l)
 
L
o
g
 (
k
m
o
l)
 
39 
 
3.1.2. Gibbs Free Energy and Equilibrium 
One can shift the equilibrium of a reaction to favor the products (i.e., improve yield).  To 
do so, one must define the equilibrium constant for the reaction.  Equation 2 through Equation 7 
show how to manipulate the energy equations to determine the equilibrium of reaction (6).  R is 
the equilibrium gas constant, T is temperature in K, q is the reaction quotient, and K is 
equilibrium constant.  Table X summarizes the equilibrium values.    
Equation 2:  Van’t Hoff Reaction Isotherm 
∆𝐺𝑅,𝑇 = ∆𝐺𝑅
𝑜 + 𝑅𝑇 ln 𝑄 
Equation 3:  Van’t Hoff reaction equation at equilibrium 
∆𝐺𝑜 = −𝑅𝑇 ln 𝐾 
Equation 4:  Combining Equation 2 and Equation 3 
∆𝐺𝑅,𝑇 = −𝑅𝑇 ln 𝐾 + 𝑅𝑇 ln 𝑄 
Equation 5:  Reducing Equation 4 
∆𝐺𝑅,𝑇 = 𝑅𝑇 ln (
𝑄
𝐾
) 
At equilibrium ∆𝐺𝑅,𝑇 = 0, so K=Q 
Equation 6:  Equilibrium constant 
𝐾𝑝  = 𝑒𝑥𝑝 (
−∆𝐺𝑅
𝑜
𝑅𝑇
) 
Equation 7:  Reaction quotient 
𝑄𝑝 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (6)) =
(𝑎 𝑅𝑒𝐶𝑙3)
2 ∗ (𝑃 𝑁𝐻3)
6 ∗ (𝑃 𝐻2𝑂)
3
(𝑎 𝑅𝑒2𝑂3)2 ∗ (𝑎 𝑁𝐻4𝐶𝑙)6
 
Where “P” is the partial pressure of the constituent and “a” is the activity of the solid (pure 
condensed species in their standard states have an activity of 1).  
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Table X:  The various relationships between Q and K to shift equilibrium in a reaction. 
𝑄 > 𝐾 Reaction moves to the left 
𝑄 < 𝐾 
Reaction is thermodynamically 
feasible and moves to the right 
𝑄 = 𝐾 Reaction is at equilibrium 
 
By understanding the relationship of equilibrium, Q, and K, one can shift the equilibrium 
in favor of the products by overloading the number of moles in the reactants or by continuously 
removing the products.  In the present case, the experiments do both.  The mole ratios of NH4Cl 
to RE2O3 are in excess of the stoichiometrical requirement and all gaseous reaction products are 
removed from the reaction vessel by the flow of argon purge gas, further reducing the value of 
Q.   
3.1.3. Low Temperature Predominance Area Diagrams 
Predominance area diagrams are used to identify the stable phases at constant pressure 
and temperature.  In this case, the relevant partial pressures are O2(g) and Cl2(g).  Process 
conditions can be adjusted to possibly prevent the formation of an undesirable phase, such as rare 
earth oxychloride (REOCl).  REOCls are not water soluble which leads itself to be difficult to 
separate hydrometallurgically if necessary. The predominance area diagrams are based on Gibb’s 
free energy values for each reaction.  Figure 19 is a predominance area diagram created for the 
ytterbium, chlorine, oxygen system at 330oC and 1 atmosphere total pressure.  The diagram 
shows, that in order to form RECl, it is necessary to first form REOCl, which represents a 
potential for reduced conversion efficiencies due to kinetic impediments.  Similar diagrams for 
the other rare earths show that, in some cases, direct formation of the RECl is possible (Figure 
20) but not common.  A summary of all rare earth predominance area diagrams is provided in  
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Table XI.  A complete set of predominance area diagrams for all REOs roasted at 330oC, 
a vapor partial pressure of 1.0 atmosphere (Pi RECl3(g)) is located in section 9.2.1 in Appendix A.  
All predominance area diagrams were created in StabCal [29] using data extracted from the HSC 
[33] database.  In the case of scandium, the REOCl phase is not present on a predominance area 
diagram; further investigation in the HSC database revealed no available thermodynamic data, 
hence it was not present on the diagram.  In the case of holmium, thermodynamic data was 
present and used in the creation of the diagram, but was not favorable for formation, hence it was 
not shown in the diagram.  All thermodynamic data used to create the diagrams is organized in 
section 9.1 of Appendix A.    
 
Figure 19:  Predominance area diagram for ytterbium at 330oC and 1.0 atm partial pressure of YbCl3(g).  In 
order to form YbCl3, YbOCl must be formed first. 
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Figure 20:  Predominance area diagram for Europium at 330oC and 1.0 atm.  Note, depending on the partial 
pressure, the formation of the oxychloride phase can be avoided. 
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Table XI:  Summary of the low temperature predominance area diagrams as to the presence of and ability to 
form a REOCl phase. 
REE Presence of  REOCl phase REOCl phase avoidable? 
Yb  Y N 
Sc No  thermodynamic data available for ScOCl 
La Y N 
Ce Y Y 
Pr Y N 
Nd Y N 
Sm Y N 
Eu  Y Y 
Gd Y N 
Tb  Y N 
Dy  Y N 
Ho  N Y 
Er Y N 
Tm Y N 
Lu Y N 
Y Y N 
 
3.2. Vaporization 
3.2.1. Reagent Grade, Lights and Heavy Separation 
Once the REE have formed their respective chloride compounds (RECls), a way is 
needed to separate and isolate each individual RECl.  Current hydrometallurgical methods 
involve leaching the RECls and processing the leach liquor in multiple stages to separate the 
individual rare earth chlorides.  This project took a different approach, that being to investigate 
the potential of isolating rare earths through differences in their vapor pressures.  If a high 
enough temperature could be achieved to convert some or all rare earth chlorides to a vapor they 
could be selectively collected upon cooling.  Reaction (11) is the general reaction showing the 
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phase change from a solid to a vapor.  Again, using Gibb’s free energy data, the vaporization 
curves for each RECl can be determined. 
 
𝑅𝐸𝐶𝑙3(𝑠) ↔ 𝑅𝐸𝐶𝑙3(𝑔) 
(11) 
 
Again, reference Equation 3,      ∆𝐺𝑜 = −𝑅𝑇 ln 𝐾𝑝 
Where 𝐾𝑝 is the equilibrium constant. 
For Reaction 11;  𝐾𝑝 =
𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓  𝑅𝐸𝐶𝑙3(𝑔)
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝐶𝑙3(𝑠)
 , the activity of a pure condensed substance is 
1. 
Thus, the equation can be re-written as the following: 
Equation 8:  Solution to the equilibrium constant Kp for converting a RECL solid to a gas species 
(Reaction 11) 
∆𝐺𝑜
−𝑅𝑇
= ln(𝑃 𝑅𝐸𝐶𝑙3(𝑔)) 
A gas is formed when the equilibrium vapor pressure exceeds the partial pressure.  
StabCal [29] was used to organize the thermodynamic data from the HSC database and compile a 
table of temperature and K values.  With this information, one can graph partial pressure versus 
temperature curves for each RECl, gangue chlorides, and ammonium chloride.   
Again, the idea is to methodically step through the vaporization potential.  Initially, 
thoughts were to investigate and attempt to separate reagent grade lights as one group and 
heavies as another.  Vapor pressure curves were graphed using Excel.  The thermodynamic data 
was extracted from the HSC [33], using StabCal [29].  Figure 21 and Figure 22 show the curves for 
lights and heavies respectively.  For the light RECl, Figure 21 shows distinguishable 
45 
 
temperatures where neodymium and samarium chlorides achieve vapors whereas europium 
chloride remains at a low partial pressure.   
 
 
Figure 21:  Light RECl vaporization curves 
 
On the heavy side, it was initially decided to consider gadolinium, terbium, and 
dysprosium chloride.  Their respective vapor pressure curves are in Figure 22 and Figure 23.  
Gadolinium and terbium chloride have a relatively close temperature of vaporization 
(approximately 1820 and 1900 K at 0.83 atm), whereas dysprosium chloride becomes a vapor at 
1460 K.  Larger versions of the vaporization curves of the lights and heavy chloride series along 
with the ore makeup can be found in the Vaporization Curves section 9.3.1. in Appendix A. 
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Figure 22:  Heavy RECl vaporization curves 
 
A similar process was applied to the rare earths present in the Bear Lodge ore samples.  
Figure 23 includes the RECl in the chlorinated Bear Lodge ore.  Only three sets of two chlorides 
potentially overlap each other (CeCl3 and SmCl2, NdCl2 and PrCl3, and SmCl3 with EuCl3).  
There is potential for the RECls contained within the ore to be at least partially segregated 
through vaporization. 
 Unfortunately, the ore is not just pure rare earths mix, but is much more complex.  The 
same principles need to be applied to the gangues.  Instead of investigating every constituent, it 
was decided to simplify the system.  The major gangue constituents investigated for chlorination 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600
P
 R
EC
L(
G
) 
   
(A
TM
)
TEMPERATURE K
HEAVY RECL VAPORIZATION TEMPERATURES
GdCl3 TbCl3 DyCl3 HoCl3
ErCl3 TmCl3 YbCl3 YbCl2
LuCl3 YCl3 0.83 atm (5000 ft)
DyCl3
GdCl3
TbCl3
47 
 
(oxides of Fe, Al, Ca, and Si) were examined.  Due to low chlorination efficiency of some of the 
gangues, the oxide species needs to be examined as well.  Figure 24 graphically represents the 
vaporization temperatures of the major gangues in the ore.   
 
Figure 23:  Vaporization Curves for RECls contained within the roasted Bear Lodge Ore 
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Figure 24:  Vaporization Curves for the Bear Lodge ore gangues post chlorination. 
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Figure 25:  Vaporization curves of the complete chlorinated Bear Lodge ore makeup. 
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Figure 25 is the closest and yet simplest way to show the potential vaporization of the ore 
including gangues.  The iron chlorides (FeCl2, FeCl3), and ammonium chloride vaporize from 
600-1300oC.  CaCl2 vaporizes at approximately 2250
oC.  Remaining behind as solids are SiO2, 
MnO, and Fe2O3.    Calcium chloride may interfere with lanthanum chloride because they 
overlap.   Quartz and iron could be left behind with samarium and europium chlorides.  Full size 
versions of all vaporization graphs are available in section 9.2.1 in Appendix A. 
 Equipment must be designed to reach the requisite vaporization temperature and slowly 
cool the discharge gas, stretching out the cooling gradient to allow each constituent to condense.  
The vaporization curves have been transposed to Van’t Hoff plots available in Appendix A, 
section 9.3.2.  Each data set was then fit with 3rd polynomial to create partial pressure and 
temperature functions.  Functions are available in Table XXXIII in section 9.3.3 of Appendix A.  
Table XII details the temperature necessary to guarantee phase transformation from a solid to 
vapor.  Vaporization can and will occur at lower temperatures if Q<K which happens when the 
partial pressure of a specific RECl is less than the surrounding equilibrium vapor pressure. 
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Table XII:  Vaporization temperatures for specific pressures calculated from the curve fit data in the 
appendix.  (0.83 atm is 5000 feet in elevation, the approximate pressure in Butte, MT) 
RECL3 Vaporization Temperatures  calculated from 
vaporization curves  
(See Table XXXIII in Appendix A) 
 Tvaporization(
oC) at 
Pi=0.83 atm 
Tvaporization(
oC) at 
Pi=1.0 atm 
LuCl3 1086 1092 
DyCl3 1178 1192 
ScCl3 1195 1218 
YbCl3 1242 1256 
EuCl3 1304 1323 
YCl3 1380 1399 
TmCl3 1437 1460 
HoCl3 1546 1569 
TbCl3 1596 1624 
GdCl3 1625 1654 
NdCl3 1677 1708 
PrCl3 1683 1713 
CeCl3 1779 1817 
SmCl3 2726 2810 
ErCl3 1304 1323 
 
3.2.2. High Temperature Predominance Area Diagrams 
Predominance area diagrams were investigated for two reasons.  The first was to ensure 
that when reducing the partial pressure of oxygen, at a constant temperature, a RECl product is 
dominant and stable.  The second was to identify the conditions necessary to achieve a vapor 
phase.  Experimentally, the temperature is held constant, but the partial pressure of the chloride 
species can be lowered by flowing argon gas through the system.  The argon flow constantly 
removes the emerging gas species, never allowing the system to reach equilibrium, guaranteeing 
that Q<K and forcing the continuous formation of additional gas species (reaction 11). 
 
𝑅𝐸𝐶𝑙3(𝑠) ↔ 𝑅𝐸𝐶𝑙3(𝑔) 
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An example of shifting the equilibrium (Le Chatlier’s principle) is in Figure 26.  Imagine 
the reaction as a teeter totter with products on one side and the reactants on the other.  The 
overall goal is to be balanced and level.  If a gas phase is created and then removed, the system is 
no longer in balance and becomes reactant heavy; the system will want to create more of the 
products to try and balance out again.  Experimentally the gaseous products are diluted and 
removed by the argon purge gas, essentially reducing the partial pressure of RECl gas.  
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Figure 26:  An Illustration of Le Chatelier’s principle of shifting the equilibrium by reducing the partial 
pressure. 
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Table XIII:  Summary high temperature predominance area diagrams reviewed to examine RECl gas formation.  Blue highlights indicate a single gas 
species whereas green indicates two gas species are available dependent on partial pressures.  All 108 predominance area diagrams are included in 
section 9.3.4 
 
 
Temperature 
Equilibrium 
Vapor Partial 
Pressure  
Pi RECl3 
Lights Heavies Remaining REEs in Ore 
Sm Nd Eu Gd Tb Dy La Ce  Pr 
1100 oC 
1.0 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(s) LaCl3(s) CeCl3(s) PrCl3(s) 
0.1 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.01 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
1200 oC 
1.0 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(s) LaCl3(s) CeCl3(s) PrCl3(s) 
0.1 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.01 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(g) EuCl2(s) GdCl3(g) TbCl3(g) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
1300 oC 
1.0 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.1 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.01 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(g) 
EuCl2(s), 
EuCl3(g) 
GdCl3(g) TbCl3(g) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
1400 oC 
1.0 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(s) EuCl2(s) GdCl3(s) TbCl3(s) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.1 atm 
SmCl2(s), 
SmCl3(s) 
NdCl3(g) EuCl2(s) GdCl3(g) TbCl3(g) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
0.01 atm 
SmCl2(s), 
SmCl3(g) 
NdCl3(g) 
EuCl2(s), 
EuCl3(g) 
GdCl3(g) TbCl3(g) DyCl3(g) LaCl3(s) CeCl3(s) PrCl3(s) 
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A synopsis of 108 predominance area diagrams of the RE-Cl-O system at varying 
temperatures and partial pressures is presented in Table XIII.  Even at lower temperatures (1100 
and 1200oC), species can transition from a solid to a vapor by reducing the partial pressure 
(𝑃𝐶𝑙2).  By flowing argon gas through the system, the potential to promote the phase 
transformation from a RECl(S) to a RECl(g) is increased.  Again, the experimental system must 
operate at elevated temperatures, reduce RECL partial pressure, and maintain a slow cooling 
gradient. 
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4. Experimental 
Overall, experimentation can be divided into two segments: chlorination and vaporization.  
Chlorination consisted of a progressive series of trials to identify and optimize the conversion of 
a REO to a RECl.  Initial experiments were performed on reagent grade oxides and, later, on ore 
and concentrate samples.  Vaporization was investigated through a series of stepwise 
assessments used to understand individual vaporization requirements of reagent grade chlorides 
and eventually progressing to an ore body.  Essentially, a series of proof-of-concept experiments 
was performed. 
4.1. Chlorination 
Chlorination was investigated with two chloridizing agents: ammonium chloride and HCl 
gas.  Following a series of scoping experiments, Design Expert software (Stat-Ease [34]) was used 
to design a chlorination experimentation matrix.  Finally, the optimized parameters were applied 
to actual RE ore and concentrate samples.  Results were determined through the use of XRD and 
ICP analysis.   
4.1.1. Chlorination with Ammonium Chloride 
In general, the experiments involved roasting a mixed charge of ammonium chloride and 
one of four selected rare earth oxides in a tube furnace. The variables included roasting 
temperature, residence time, and the mole ratio of the chloridizing agent to rare earth oxide in the 
furnace charge. Based on the thermodynamic modeling results and other considerations, the four 
rare earth oxides chosen for the scoping experiments were: neodymium oxide (Nd2O3), holmium 
oxide (Ho2O3), ytterbium oxide (Yb2O3), and samarium oxide (Sm2O3). Individual rare earth oxide 
chemicals were purchased from commercial suppliers at 99.9% minimum purity as was the 
ammonium chloride at 99.5% purity. Appropriate masses of rare earth oxides and ammonium 
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chloride were blended at either an 18:1 or 24:1 mole ratio (NH4Cl:REO); the mole ratios were 
selected partly based on the results of a prior study [9]. Excess ammonium chloride is necessary to 
minimize the formation of rare earth oxychlorides during the roasting process.  
The blended chemicals were placed in a mullite boat that was centered within an alumina 
or mullite containment tube (2 inch O.D., 1.75 inch I.D.) that passed through the heated zone of 
either an Advanced Test Systems (ATS) Series 3210 (also called the Clamshell) or an MTI GSL-
1100X tube furnace. The tube furnace was held at the predetermined temperature throughout each 
experiment. High purity argon flowed through the containment tube at 250 milliliters per minute 
(mL/minute). Prior to entering the containment tube, the argon passed through an oxygen filter 
(Thermo Scientific P/N 60180-804) to remove trace amounts of oxygen, which could cause 
oxychloride formation.  Rare earth oxychlorides (REOCl) are an undesirable reaction product that 
can form if oxygen (O2) or water vapor enters the furnace atmosphere during the roasting process. 
Roaster exhaust gases were scrubbed through a series of bubblers to prevent oxygen backflow and 
to remove any residual chloride. Samples were weighed before and after each furnace run to 
document mass changes incurred during roasting. When residue was found inside the tubes, it was 
removed and weighed after the experiment.  After each experiment, the tube was cleaned by 
washing with water and a round bristled brush, followed by a final acetone rinse.   
4.1.1.1. Experimental Matrix with NH4Cl(s) 
Design Expert Version 9.01 (Stat-Ease Corporation) was used to design a three variable 
response surface experimental matrix to examine the effects of varying roasting time, 
temperature and NH4Cl:Yb2O3 mole ratio on chlorination efficiency.  Roasting experiments were 
performed under the same conditions and furnaces used in the initial scoping experiments.    
Table XIV shows the 20- experiment matrix varying time, temperature, and molar-ratio with 
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ammonium chloride.  The color scheme indicates high (red), medium (blue), and low (green) test 
parameters.   
Table XIV:  Experimental matrix (developed with Design Expert) to determine optimum chlorination 
parameters with the NH4Cl(s) chlorinating agent. 
Run # T (oC) Time (hr) 
Molar-Ratio 
(NH4Cl:REO) 
1 150 1 6 
2 400 1 6 
3 150 4 6 
4 400 4 6 
5 150 1 24 
6 400 1 24 
7 150 4 24 
8 400 4 24 
9 150 2.5 15 
10 400 2.5 15 
11 275 1 15 
12 275 4 15 
13 275 2.5 6 
14 275 2.5 24 
15 275 2.5 15 
16 275 2.5 15 
17 275 2.5 15 
18 275 2.5 15 
19 275 2.5 15 
20 275 2.5 15 
 
4.1.1.2. Experimental Matrix with HCl gas 
Hydrochloric (HCl) gas was also considered as a possible chloridizing agent.  Design 
Expert was again used to create a three variable response matrix.  In this case, the variables were 
time, temperature, and the volumetric flow rate of HCl through the tube.  Table XV lists the 20 
trials and corresponding parameters.  Again, the color scheme indicates the level of the test 
parameter.  Red is the highest option, blue medium option, and green the lowest test option for 
that parameter.  It is important to note that the overall flow rate of gas through the tube was 250 
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mL/min just as in the original ammonium chloride experiments.  Argon gas was added to 
maintain the overall desired gas flow rate.  The HCl gas flow rate was controlled with an 
OMEGA flow meter (Omega P/N FL-1802).  Experiments took place in the 2.0 inch outer 
diameter alumina containment tube.  Exhaust gases passed through wet scrubbers.  The scrubber 
solutions were later neutralized to a pH of 7.0.   
Table XV:   Experimental matrix (developed with Design Expert) to chlorinate Yb2O3(s) with HCl(g) 
Run # T (oC) Time 
(hr) 
HCl 
(mL/min) 
Ar 
(mL/min) 
1 150 1 12.5 237.5 
2 400 1 12.5 237.5 
3 150 4 12.5 237.5 
4 400 4 12.5 237.5 
5 150 1 50 200 
6 400 1 50 200 
7 150 4 50 200 
8 400 4 50 200 
9 150 2.5 31.25 218.75 
10 400 2.5 31.25 218.75 
11 275 1 31.25 218.75 
12 275 4 31.25 218.75 
13 275 2.5 12.5 237.5 
14 275 2.5 50 200 
15 275 2.5 31.25 218.75 
16 275 2.5 31.25 218.75 
17 275 2.5 31.25 218.75 
18 275 2.5 31.25 218.75 
19 275 2.5 31.25 218.75 
20 275 2.5 31.25 218.75 
 
4.1.1.3. Chlorination of Natural Ore Samples 
Following initial scoping and roasting refinement experiments, the most favorable 
roasting parameters were applied to an actual ore to determine overall effective conversion 
efficiency.  The roast took place in a Thermcraft rotary furnace (Model# TRT-3-0-24-IC-
J13295/1A) with 3 inch Inconel tube (Figure 30).  Argon cover gas flowed through a three inch 
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(7.62 cm) diameter Inconel 600 containment tube at 550 milliliters/min.  The higher gas flow is 
due in part to the larger tube diameter.  A greater volumetric flow rate is necessary to remove the 
gaseous reaction products (NH3 and H2O) at the same rate as those in experiments performed in 
the smaller alumina tubes.  The rotary furnace outlet gases passed through a packed absorption 
column manufactured by Büchiglasuster and then through an activated carbon filter (Figure 31).  
Roasting reactants were kept in the primary reaction zone of the furnace with ceramic plugs held 
in place with 3/16” inch diameter threaded rod that ran the length of the tube (Figure 27 and 
Figure 28).  The ceramic plugs kept the roast products contained in the hot zone of the rotary 
tube where the chlorination took place.  The rods aided in mixing of the ammonium chloride and 
ore.  The original and improved temperature profiles with the addition of the mixing assembly is 
presented in Figure 29. 
 
Figure 27:  Model of the assembly used to mix and contain the reactants in the hot zone of the Thermcraft 
furnace. 
61 
 
 
Figure 28:  Cross-sectional diagram showing the bricks and stainless steel rods installed to hold the reactants 
in the hot zone of the Thermcraft tube. 
 
 
Figure 29:  Temperature profile of Thermcraft furnace showing the original and improved temperature 
profile.  The improved profile was acquired by using the fabricated containment and mixing assembly in 
place. 
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Figure 30:  Thermcraft furnace used to roast ore and concentrate samples. 
 
Figure 31:  Büchiglasuster packed bed absorption tower used to scrub process gases emitted by the 
Thermcraft furnace. 
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4.1.2. XRD Analysis 
Following each experiment performed in the experimental design matrices, the solid matter 
was retrieved from the mullite boat and prepared for X-ray diffraction analysis (XRD).  Samples 
were packed into a zero-background sample holder.  XRD data were collected using a Rigaku 
diffractometer and scintillation detector with a 5-90o 2θ scanning range, 0.5 seconds hold time, 
and 0.02o step. The receiving slit width was 0.3 mm with power at 40 Kv and 20 mA. PDXL 
version 1.8.1.0 was used to analyze the patterns, determine phases and conversion efficiencies.  
Rietveld analysis was performed on the acquired spectra.  Secondary analysis from a third party 
was performed on the supplied spectra to confirm the findings.   
4.1.3. Analysis-ICP 
Roasted products were leached for a minimum of two hours in 18 mega ohm water at a 
nominal pH 6 on a magnetic stir plate.  Solutions were then pressure filtered.  Whatman size 1 
filter papers were used to filter leach solutions from experiments performed on reagent grade rare 
earth oxides.  Whatman 5 filters were used to filter leach solutions generated from actual ore and 
concentrate samples.  Leach solution and/or residue samples were sent to an outside lab (Hazen 
Research, Inc.) for confirmatory inductively coupled plasma (ICP) analysis.  Of the possible 
reaction products, only rare earth chlorides are soluble in water, which enables ICP to detect the 
presence, if any, of the rare earth chlorides. 
4.2. Vaporization 
Vaporization experimentation was performed through a series of stepwise investigations.  
Initially TGA experiments and individual reagent grade RECl underwent mass loss trials.  Later 
reagent grade chlorides were examined by separately by light RECl and heavy RECl species.  
Finally the ore was examined for RECl separation.  
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4.2.1. Thermogravimetric (TGA) Analysis 
Thermogravimetric analysis (TGA) were performed with a TA Instruments DSC Q600 
instrument.  Argon was used as a cover gas and flowed at a rate of 0.1 milliliters/minute.  
Samples were loaded into alumina crucibles that were cleaned after each trial.  The heating 
profile employed in the final experiments is defined in Table XVI.  Initially, samples were 
heated at 20 oC/minute to 600 oC, followed by an isothermal hold for two minutes.  The initial 
rapid ramp was put in place to liberate water of hydration that are frequently found with the 
RECls.  In the second stage of the heating cycle, a much slower heating rate of 5 oC/min to a 
maximum temperature of 1400 oC was used to allow greater resolution in monitoring mass loss.  
To complete the heat cycle, the sample was air cooled to room temperature.  Heat flow and mass 
loss were recorded through the duration of each TGA. 
Table XVI: Heating Schedule Used for TGA Experiments 
TGA/DTA Temperature Profile 
Operation Rate or Time Target Temperature 
Ramp 20 oC/min 600oC 
Isothermal hold 2 minutes 600oC 
Ramp 5 oC/min 1400oC 
Isothermal hold 1 minute 1400oC 
Air Cool to room temperature 
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Figure 32:  TA instruments DTA Q600 used to acquire thermogravimetric data 
 
4.2.2. Furnace Vaporization Trials 
Initial experiments took place on an individual RECl basis using the ATS furnace.  
Samples were placed in alumina boats in the hot zone and the tube ends were sealed.  Argon 
being used as a carrier gas was allowed to freely flow.  Gas flow rates varied depending on the 
type of test (Table XVII).  Mass loss was recorded before and after each experiment. 
Table XVII:  Argon gas flow rates used in vaporization experiments. 
Vaporization Test Gas Flow (mL/min) Table for Reference in Results 
Individual RECl vaporization 
Trials 
250 Table XXVIII 
Lights/Heavy REE separation 
trials 
300 
Table XXIX /  
Table XXX 
Ore Vaporization Trials 250 Table XXXII 
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A custom furnace train was created by combining the aforementioned ATS and MTI 
furnaces and running a 2.0 inch diameter mullite tube through both furnaces.  The clamshell 
furnace was primarily used for vaporization and higher temperature condensation.  The transition 
between the two furnaces created a step and the temperature profile much like Murase’s.  The 
MTI furnace served as lower temperature condensation.  The temperature profile was mapped 
and set points were adjusted on the furnaces in an attempt obtain a gradual cooling profile.  A 
temperature profile is illustrated in Figure 34.  Note the profile runs left to right in cooling, but 
the gas flow actually ran right to left through the configuration as depicted in Figure 33.  Argon 
gas passed through the tube at various rates (Table XVII) and exited through a series of gas 
scrubbers to prevent backflow and to catch any products that may have been in the vapor phase 
while leaving the tube.   
 
Figure 33:  Furnace train experimental setup used in vaporization experiments. 
 
Rare earth chlorides are classified in two respective groups: light and heavy based on 
atomic mass.  Light RECl experiments were performed with neodymium, samarium, and 
europium chlorides whereas the heavy RECl experiments used gadolinium, dysprosium, and 
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ytterbium chlorides.  Samples were placed in the hot zone of the furnace train.  The furnaces 
were held at the operating temperature for eight hours while the argon gas flowed through the 
tube.  The system was allowed to cool to room temperature, at which point the argon gas flow 
was terminated.  
 
Figure 34:  Temperature Profile of the vaporization furnace train 
 
The mullite containment tube was removed from the furnace and analyzed with an 
Olympus IPlex LT borescope.  Any places where a change in color or texture were observed in 
the tube, a photograph and a measurement with a physical distance from the edge of the tube 
were noted for reference.  The length measurement was used to judge distance when taking 
residue samples from the tube.  Samples were analyzed using a scanning electron microscope 
68 
 
(SEM) with energy dispersive x-ray (EDAX) analysis to identify elements.  Standards were 
created for comparison with the EDAX software by directly scanning all reagent grade RECls 
except thorium chloride.  This procedure enhanced direct and accurate identification. 
In Figure 35, Murase’s temperature profile is compared to the one created in the furnace 
train profile.  The experimental profile used in these experiments has the same inherent step that 
was noted to aid in greater separation and is stretched to 10 inches longer.  Unfortunately, the 
temperature zone where Murase noted greatest condensation (above 800oC) is approximately the 
same length slope.   
 
Figure 35:  Comparison of temperature cooling profiles.  Murase’s linear and stepped profile compared to the 
one used in experimentation.  The furnace train was able to create a longer cooling trend by 10 inches. 
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5. Results and Discussion 
The following text is a review of the experiments as previously discussed in the experimental 
section.  Results are categorized into two groups of tests: chlorination experiments and 
vaporization experiments.   
5.1. Chlorination 
In summary, reagent grade rare earth oxides underwent chlorination scoping experiments 
with ammonium chloride and HCl gas.  Conversion efficiencies were calculated and parameters 
were optimized.  The optimal chlorination parameters were applied to ore and concentrate 
samples to confirm their effectiveness. 
5.1.1. Scoping 
Twelve chlorination scoping experiments were performed in tube furnaces on four rare 
earth oxides (Nd, Sm,, Yb, Ho).  Trial parameters were based on previous work performed by 
Bell [9] on samarium and neodymium oxides.  The experiments are summarized in Table XVIII 
 and Table XIX.  The results revealed that ytterbium was the most difficult to convert to a rare 
earth chloride.  Therefore, it was decided that chlorination parameters should be optimized 
around ytterbium.   
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Table XVIII:  Initial chlorination scoping experiments and results 
  Roasting Parameters (400oC) Percentage of Products (%)   
RECl 
Mol Ratio 
(NH4Cl:REO) 
Furnace 
Used 
Time 
(min) 
ReCl REOCl NH4Cl NH4ClO4 Oxide 
SUM 
(%) 
NdCl3 18 ST 60 75.69 4.06 6.9 4.18 - 90.83 
NdCl3 18 ST 60 100 - - - - 100 
SmCl3 18 ST 60 - 1.98 11.59 81.29 5.14 100 
SmCl3 18 ST 60 93 - - 7.2 - 100.2 
YbCl3 18 ST 60 82.54 12.09 5.37 - - 100 
YbCl3 18 ST 120 92 4 4.4 - - 100.4 
YbCl3 24 ST 120 71 - 1.44 73.6 - 146.04 
YbCl3 24 ST 240 100 - - - - 100 
HoCl3 18 ST 60 100 - - - - 100 
HoCl3 18 ST 120 100 - - - - 100 
HoCl3 24 ST 120 100 - - - - 100 
HoCl3 24 ST 240 100 - - - - 100 
 
Table XIX:  Ytterbium chlorination scoping experiments and conversion efficiencies. 
 
 
5.1.2. Experimental Design Test Matrix NH4Cl 
Design Expert Version 9.01 (Stat Ease Corporation) [34] was used to create a three 
variable response surface experimental matrix to  determine the effects of varying the roasting 
time, temperature, and mole ratio (NH4Cl:Yb2O3) on the chlorination efficiency. 
Roasting experiments were performed and the products were analyzed as described in the 
experimental section.  Results are presented in Table XX.   Periodically, a different RECl would 
be identified when interpreting the XRD analysis.  
  
Mole 
Ratio 
Temperature  
 
Time 
(Min) 
Conversion 
Eff % 
YbCl3 24 400 120 62.6 
YbCl3 18 400 120 85.7 
YbCl3 18 400 60 76.2 
YbCl3 18 400 60 41.1 
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RECls are known to hydrate [8], and this problem was experienced throughout the present 
study.  Samples “curled” out of the sample holder during XRD analysis due to waters of 
hydration being evaporated by the XRD beam.  As previously stated, REEs are very similar 
(reference Table III), and similarities extend to XRD, where misidentification is possible due to 
their similar spectra.  This issue can be compounded with the sample curling.   
Even when the spectrum was identified as another REE, it was still possible to determine 
conversion efficiency to either a REOCl, RECl, or REO because of the use of 99% pure reagent 
grade REOs.  Sample curling was also used as a visual indicator of the extent of conversion.  If 
the mounted sample curled during XRD, it was hydrated, which meant it contained RECl. 
Previous research indicated that REOCls and REOs were not water soluble at a pH of six 
and RECls were [12] [35].  Later investigations were unable to provide additional supporting data.  
As a result, there is potential for the published conversion data to be in error.  The possibility of a 
RECl and REOCl going into solution would enhance the measured ICP results for the REE 
species.  Additional research is necessary to explore the solubility of REOCl.
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Table XX:  Experimental Design Test Matrix Conditions, Conversion results.  Results were determined through XRD except run 10, which was 
determined through leach analysis. 
Experimental Parameters RESULTS (XRD) 
Run 
# 
T 
(oC) 
Time 
(hr) 
Ratio 
(NH4Cl:RE
O) 
NH4Cl 
(g) 
Yb2O3 
(g) 
Yb2O3 NH4Cl YbOCl 
REE*Cl3
*6H2O 
REE 
ID'D 
Conversio
n Eff. 
% 
Unknown 
1 150 1 6 0.4072 0.5000 73.50% 26.50% 0.00% 0.00% - 0.00% 0.00% 
2 400 1 6 0.4072 0.5000 27.40% 0.00% 46.90% 25.70% Er 11.77% 0.00% 
3 150 4 6 0.4072 0.5000 72.90% 27.10% 0.00% 0.00% - 0.00% 0.00% 
4 400 4 6 0.4072 0.5000 38.45% 19.92% 41.63% 0.00% - 0.00% 0.00% 
5 150 1 24 1.6289 0.5000 28.50% 71.50% 0.00% 0.00% - 0.00% 0.00% 
6 400 1 24 1.6289 0.5000 4.00% 0.00% 8.60% 87.40% Er 72.38% 0.00% 
7 150 4 24 1.6289 0.5000 28.80% 71.20% 0.00% 0.00% - 0.00% 0.00% 
8 400 4 24 1.6289 0.5000 1.80% 7.00% 0.00% 91.20% - 96.32% 0.00% 
9 150 2.5 15 1.0180 0.5000 57.60% 42.40% 0.00% 0.00% - 0.00% 0.00% 
10 400 2.5 15 1.0180 0.5000 1.10% 7.00% 30.70% 45.60%   15.60% 
11 275 1 15 1.0180 0.5000 6.10% 23.20% 0.00% 70.70% Er 85.70% 0.00% 
12 275 4 15 1.0180 0.5000 7.40% 9.20% 8.50% 74.90% Er 65.40% 0.00% 
13 275 2.5 6 0.4072 0.5000 55.10% 0.00% 0.00% 44.90% Er 29.65% 0.00% 
14 275 2.5 24 1.6289 0.5000 0.00% 29.00% 0.00% 71.00% Lu 100.00% 0.00% 
15 275 2.5 15 1.0180 0.5000 7.00% 13.70% 0.00% 79.30% Er 85.42% 0.00% 
16 275 2.5 15 1.0180 0.5000 8.20% 19.70% 0.00% 72.10% Lu 81.97% 0.00% 
17 275 2.5 15 1.0180 0.5000 5.01% 17.62% 0.00% 77.38% Er 88.87% -0.01% 
18 275 2.5 15 1.0180 0.5000 12.51% 21.22% 0.00% 66.27% Lu 73.26% 0.00% 
19 275 2.5 15 1.0180 0.5000 8.20% 21.80% 0.00% 70.00% Er 81.53% 0.00% 
20 275 2.5 15 1.0180 0.5000 10.00% 18.20% 0.00% 71.80% Lu 78.78% 0.00% 
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5.1.2.1. Response Surface and Confirmatory Experiments 
The results recorded during the initial experimental design matrix experiments were re-entered in 
the Design Expert software to create a response surface.  Conversion efficiency models were 
created within Design Expert and an example appears in Figure 36.  The models were used to 
identify combinations of variables that would provide the maximum conversion of ytterbium 
oxide to chloride.  From those models, confirmatory experiments and parameters were 
determined for two reasons.  First, to see if the secondary experiments can mimic the response 
surface, and second, to attempt to refine roasting parameters for optimum chlorination efficiency.   
 
Figure 36:  Response surface diagrams depicting the relationship between temperature and mole ratio of 
NH4Cl:REO at a constant time (upper) and between temperature and time while holding the mole ratio 
constant (lower).  
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Figure 37 depicts the response surface with holding time constant at one hour.  The 
highest conversion efficiency is located at the peak of the plot (red).  From this diagram, it 
appears probable that one could achieve near 100% conversion of ytterbium oxide to ytterbium 
chloride.  Six confirmatory experimental trials were chosen to zero in on the conversion 
efficiency and further develop confidence in the model.  The experiment, their parameters, and 
results are summarized in Table XXI.  Roast products were leached and sent to an external 
laboratory for solution analysis via ICP and/or residue analysis.   
 
Figure 37: Three-dimensional plot illustrates the conversion efficiency as a function of temperature and 
NH4Cl:Yb2O3 mole ratio (time = 1 hour). 
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Table XXI:  Confirmation trial parameters and results used to identify chlorination parameters for 
ytterbium oxide. 
Sample 
Label 
Temp 
(oC) 
Time 
(hr) 
Mol Ratio  
(NH4Cl:REO) 
ppm 
Results  
Normalized 
Volume (mL) 
Conversion Eff. % 
(from leach 
solution data) 
YbCl-1 330 1 21 2820 100 90% 
YbCl-2 330 1 18 2240 100 92% 
YbCl-3 290 1 21 2980 100 85% 
YbCl-4 290 1 12 2280 100 86% 
YbCl-5 290 1 18 3590 100 88% 
YbCl-6 290 1 18 3340 100 88% 
 
Once again, the results were superimposed on the response surface.  The experiments 
conformed to the model’s prediction without large outliers.  Figure 38 shows the model with the 
response surface supermimposed.   
 
Figure 38:  Three-dimensional plot illustrating the response surface of the oxide-to-chloride conversion 
matrix. The superimposed dots correspond to the conversion efficiencies attained in the experiments. 
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From the response surface, roast parameters for ytterbium oxide were determined to be 
330oC, a NH4Cl:Yb2O3 mole ratio of 21:1, and a time of one hour at temperature.  These 
conditions yield greater than 90% conversion efficiency.   
 
5.1.3. Application of Optimized Parameters to Remaining REOs 
The optimized parameters determined for ytterbium were applied to all remaining rare 
earth oxides.  Table XXII lists the 14 experiments.  Roast products were leached and the 
solutions were analyzed via ICP.  From the results, it was determined that the parameters 
optimized for ytterbium were not ideal for the other oxides.  The major desired rare earths 
contained in the Bear Lodge ores are highlighted in blue.  It appears necessary to optimize 
parameters on the individual REEs. 
Table XXII:  Optimized chlorination parameters of Ytterbium applied to 14 REOs. 
RECl 
Conversion 
Temp 
(oC) 
Time 
(hr) 
Mol Ratio  
(NH4Cl:REO) 
Conversion 
Eff. % (from 
leach solution 
data) 
TbCl3 330 1 21 73.3% 
GdCl3 330 1 21 81.1% 
DyCl3 330 1 21 64.5% 
HoCl3 330 1 21 53.8% 
ErCl3 330 1 21 67.0% 
TmCl3 330 1 21 47.2% 
LuCl3 330 1 21 48.3% 
YCl3 330 1 21 72.7% 
LaCl3 330 1 21 81.2% 
CeCl3 330 1 21 25.4% 
NdCl3 330 1 21 68.4% 
PrCl3 330 1 21 80.4% 
SmCl3 330 1 21 67.0% 
EuCl3 330 1 21 82.1% 
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5.1.4. Gangue Chlorination 
The Bear Lodge ore contains gangue oxides of iron, aluminum, calcium, and silicon.  
With one of the project goals being to determine if it was possible to directly chlorinate the rare 
earths contained in an ore, the optimized parameters determined earlier for ytterbium were 
applied to individual gangue oxides to see if they wpuld also chlorinate.  Experiments were 
performed on reagent grade oxides.  Roasted samples were then leached and sent out for ICP 
analysis.  Ore gangue chlorination results are summarized in Table XXIII. 
Table XXIII:  Chlorination parameters applied to reagent grades oxides to represent the major gangues 
carried in ore bodies. 
Sample Temp 
(oC) 
Time 
(hr) 
Mole 
Ratio 
Conversion 
Eff. % 
Fe2O3-->FeCl3 330 1 21 34.9% 
Al2O3-->AlCl3 330 1 21 0.04% 
CaO-->CaCl 330 1 21 77.3% 
SiO--> SiCl4 330 1 21 0.04% 
 
By knowing the mineralogy and elemental content of the ore (Table IV and Table V) 
along with the conversion efficiency of the gangues (Table XXIII), it may be possible to increase 
the amount of ammonium chloride needed to maintain the 21:1 ratio needed for the REOs.   
5.1.5. Ore Chlorination 
The gangue concentrations and ore concentrations were taken into account.  Ammonium 
chloride was added to the ore at the same ratio (21:1) for all the oxides, not just the ones that 
converted.  The ore was then roasted at the optimized parameters determined for ytterbium.  The 
six ore samples were roasted and leached according to the pre-established standard conditions.  
Each solution was then analyzed for Ce, Dy, Gd, and La.  Results are summarized in Table 
XXIV.  The lowest chlorination yields were realized with RE3, which is a concentrate sample 
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that had undergone an undisclosed treatment (believed to be a carbonate precipitate).  On the 
other hand, high yields (80% and above) were obtained for the untreated ore and were slightly 
below that of concentrate.  The results are promising because it indicates that higher extraction 
efficiencies and recoveries may be attained by direct chlorination of the ore without 
beneficiation.  Lastly, higher conversion efficiencies were achieved with the rare earths in the ore 
than in the previous experiments applied to the individual REOs (Ce, Dy, and Gd).  It is believed 
that the higher efficiency could be due in part to the extra NH4Cl added to the roast in 
preparation for the gangue oxides.
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Table XXIV:  Results of applying optimal chlorination parameters to the natural ore and concentrate samples. 
Ore 
Sample 
Type 
MLA Mass % Ore 
Mass (g) 
Insoluble 
Mass (g) 
Leach Residue Analysis  (ppm) Conversion Efficiency % Overall 
Conv. Eff. % Ce Dy Gd La Ce Dy Gd La Ce Dy Gd La 
RE1-1-9 Concentrate 10.00 0.26 0.33 9.58 0.9948 0.462 12700 282 869 26900 94.10 94.96 87.76 86.95 90.61 
RE2-1-8 Concentrate 10.16 0.27 0.34 10.32 0.9758 0.4388 14400 333 892 21200 93.63 94.48 88.14 90.76 92.15 
RE3 Hydro PPT? 15.84 0.41 0.54 17.03 0.8225 0.4695 176000 2700 5740 73300 36.56 62.16 39.74 75.44 56.50 
RE4-1-13 Ore 2.63 0.08 0.10 2.77 0.9855 0.77 2180 42.9 107 1590 93.52 95.94 91.90 95.51 94.51 
RE5-1-11 Ore 2.77 0.03 0.04 0.78 0.9563 0.7388 2480 37.7 102 1860 93.07 90.17 82.46 81.67 90.45 
RE6-1-5 Ore 3.97 0.09 0.11 4.16 0.989 0.4017 29100 137 516 15100 70.26 93.60 81.10 85.26 78.14 
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5.1.6. Experimental Design Test Matrix HCl Gas 
Results for HCl trials were not as promising as those obtained with the use of NH4Cl.  
Throughout all of the chlorination tests, problems were experienced in maintaining the HCl flow 
rate as well as pressure pulses on the regulator and flow meter.  Table XXV compares a mass 
balance for each trial, assuming 100% conversion to YbCl3 and/or YbOCl to the final mass 
recorded after each experiment.  Small mass gains were observed even with Experiment 8, which 
presented the greatest opportunity for chlorination due to time, temperature, and mole ratio 
(HCl:Yb2O3).  Based on mass balance, it can be concluded that the experimental product 
consisted of REO and REOCl.  Trial 8 was analyzed via XRD, and the corresponding plot is 
presented in Figure 39.  The roasted product was identified as 100% YbOCl.  It was theorized 
that the Experiment 8 parameters, although not efficient, should have formed some amount of 
YCl3.  It was noted that samples did not curl in the holder which was used as a rough indication 
as to whether a RECl was formed.  Furthermore, the XRD plot does not have specific defined 
peaks indicating amorphous products.   
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Table XXV:  Mass balance data for trials performed with HCl(g) as the chloridizing agent. 
Run # T (oC) 
Time 
(hr) 
HCl 
(mL/min
) 
Ar 
(mL/min
) 
Total 
Gas Flow 
(mL/min
) 
CALCULATED MASS BALANCE Final 
Mass 
from 
trial (g) 
INPUT Yb2O3 Output YbCl3 Output YbOCl 
Mass (g) Mol  Mol Mass (g) Mol Mass (g) 
1 150 1 12.5 237.5 250 --- --- --- --- --- --- --- 
2 400 1 12.5 237.5 250 --- --- --- --- --- --- --- 
3 150 4 12.5 237.5 250 --- --- --- --- --- --- --- 
4 400 4 12.5 237.5 250 --- --- --- --- --- --- --- 
5 150 1 50 200 250 0.5053 0.0013 0.0026 0.7165 0.0026 0.5757 0.5159 
6 400 1 50 200 250 0.5046 0.0013 0.0026 0.7155 0.0026 0.5749 0.5515 
7 150 4 50 200 250 0.5072 0.0013 0.0026 0.7192 0.0026 0.5779 0.5202 
8 400 4 50 200 250 0.5085 0.0013 0.0026 0.7210 0.0026 0.5793 0.5748 
9 150 2.5 31.25 218.75 250 --- --- --- --- --- --- --- 
10 400 2.5 31.25 218.75 250 0.5082 0.0013 0.0026 0.7206 0.0026 0.5790 0.5527 
11 275 1 31.25 218.75 250 0.5036 0.0013 0.0026 0.7141 0.0026 0.5738 0.5269 
12 275 4 31.25 218.75 250 0.5074 0.0013 0.0026 0.7195 0.0026 0.5781 0.5283 
13 275 2.5 12.5 237.5 250 --- --- --- --- --- --- --- 
14 275 2.5 50 200 250 0.5014 0.0013 0.0025 0.7109 0.0025 0.5712 0.5436 
15 275 2.5 31.25 218.75 250 0.5554 0.0014 0.0028 0.7875 0.0028 0.6328 0.5647 
16 275 2.5 31.25 218.75 250 0.5079 0.0013 0.0026 0.7202 0.0026 0.5787 0.5308 
17 275 2.5 31.25 218.75 250 0.4969 0.0013 0.0025 0.7046 0.0025 0.5661 0.5166 
18 275 2.5 31.25 218.75 250 0.5048 0.0013 0.0026 0.7158 0.0026 0.5751 0.5181 
19 275 2.5 31.25 218.75 250 0.5524 0.0014 0.0028 0.7833 0.0028 0.6294 0.5751 
20 275 2.5 31.25 218.75 250 0.5108 0.0013 0.0026 0.7243 0.0026 0.5820 0.5659 
20-2 275 2.5 31.25 218.75 250 0.5089 0.0013 0.0026 0.7216 0.0026 0.5798 0.5282 
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Figure 39:  XRD plot of HCl chlorination Trial #8 
 
The relatively low chlorination efficiencies attained with HCl(g) may be attributed to the 
lack of interaction of the gas with Yb2O3(s) in the boats.  The boat edges sit considerably higher 
than the top of the REO charge (Figure 39), potentially shielding the REO from the HCl gas.  
Conversion with NH4Cl(s) may be enhanced because it is mixed in with REO and the gas species 
produced would evolve out of the boat and be carried away by the argon gas.  Figure 41 provides 
a pictorial comparison of the possible set-ups. 
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Figure 40:  Model showing the REO loaded in the sample boats for chlorination experiments.  Note the 
sample surface is below the edge of the boat. 
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Figure 41:  Comparison of interaction between NH4Cl(s) and HCl(g) with Yb2O3(s) 
Ar(g) 
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In an attempt to prove the gas-interaction theory, Trial 20 was repeated (labeled 20-2 in 
the Table XXV), but this time, the sample was heaped on a flat alumina tile.  Again, the mass 
gain was not as what would be expected if the sample converted to a RECl.  Perhaps the sample 
should have been spread out across the entire surface of the tile to increase gas-solids interaction.  
Another possible solution would be the use of a fluidized bed reactor to improve gas-solids 
contact.  Regardless, the decision was made to no longer focus on HCl(g) chlorination in view of 
the promising results achieved using NH4Cl(s) and the ongoing HCl surging issues. 
 
5.2. Vaporization 
5.2.1. TGA Results 
Figure 42 through Figure 45 show overlapped TGA plots.  Figure 45 is an overlapped 
TGA plot of RECls contained within the Bear Lodge ore.  The data shows that all water should 
be driven off by 250oC, which is much lower than the 600oC originally believed to be necessary.  
The shape of the collected experimental curves have the same overall shapes as those of 
Wendlandt’s.  Experimental results cannot be directly compared to those of Wendlandt’s  
because of the different heating rates and atmospheres. 
Table XXVI  compares the calculated theoretical vaporization temperatures to the last 
measured mass loss from the TGA experiments.  Overall, the TGA temperatures are much lower 
than the calculated vaporization temperatures.  The calculated vaporization temperature of DyCl3 
is 1180oC in the TGA; there was no recorded additional mass loss beyond 950oC (Figure 44).  
Ideally, the mass should have constantly decreased throughout the length of the experiment, 
possibly to zero to show the constant evolution of a solid to a gas.   
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The data suggest that the residue in the crucible was not RECL but appears to have been 
converted to REOCl or RE2O3.  Again, the TGA curves have shapes and mass loss steps similar 
to Wendlandt’s (refer to Figure 15).  Wendlandt’s experiments were performed in air while the 
experiments discussed in the text were done in an argon atmosphere and yet the profiles are 
similar.   
Table XXVII compares the Wendlandt’s calculated mass loss values for converting 
various RECl hydrates to pure RECl, REOCl, or REOs.  Mass losses are equivalent to or exceed 
those calculated for the formation of REOCls.  Lastly, mass gains were recorded for many of the 
RECls at temperatures above 800oC.  The data is presented in Table XXVII, where mass gains 
are highlighted in yellow.  Once more, the mass gains and similar data to that presented by 
Wendlandt indicates the possibility of an air leak, poor gas purity, or water  in the system 
allowing the possibility of forming a REOCl or REO.  The water may have even come from the 
hydrated RECl. 
 
Figure 42:  TGA overlay of NdCl3, LuCl3, CeCl3, and PrCl3.  Each plot is offset from each other by ten 
points to aid in interpretation.  Each plot started at 100% weight. 
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Figure 43:  TGA overlay of YbCl3, GdCl3, SmCl3, and ErCl3.  Each plot is offset from each other by ten 
points to aid in interpretation.  Each plot started at 100% weight. 
 
Figure 44:  TGA overlay DyCl3, EuCl3, TbCl3, and LuCl3.  Each plot is offset from each other by ten points 
to aid in interpretation.  Each plot started at 100% weight. 
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Figure 45:  TGA overlay of RECls in the Bear Lodge ore.  Each plot is offset from each other by ten points to 
aid in interpretation.  Each plot started at 100% weight. 
Table XXVI:  Comparison of calculated vaporization temperatures to those observed during TGA tests 
where last mass loss was measured. 
 Vaporization Temperatures Calculated from 
Thermo Data (See Table XXXIII in Appendix 
A) 
TGA RESULTS 
RECL  Tvaporization(
oC) at 0.83 
atm 
Tvaporization(
oC) at 1.0 
atm 
Last recorded 
temperature of 
mass loss (oC) 
Mass Loss 
% 
Total 
LuCl3 1086 1092 780 52 
DyCl3 1178 1192 875 52 
ScCl3 1195 1218 ---- --- 
YbCl3 1242 1256 766 49 
EuCl3 1304 1323 1096 54 
YCl3 1380 1399 ---- -- 
TmCl3 1437 1460 ---- --- 
HoCl3 1546 1569 ---- --- 
TbCl3 1596 1624 949 53 
GdCl3 1625 1654 992 50 
NdCl3 1677 1708 1409 36 
PrCl3 1683 1713 1412 57 
CeCl3 1779 1817 522 54 
SmCl3 2726 2810 1076 52 
ErCl3 1304 1323 811 49 
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Table XXVII:  Comparison of Wendlandt's [30] [31] calculated mass loss data to TGA experimental data.  Items 
highlighted in yellow indicate a mass gain at the higher temperatures. 
 Mass Loss % Calculated Approx.  
Recorded 
Mass 
Loss % 
TGA 
RECl RECl3*H2O RECl3 REOCl*2RECl3 REOCl REO  
Europium   34.49 44.48  54 
Terbium   33.85 43.66   
Dysprosium   32.89 43.24  52 
Holmium  28.49 33.32 42.97   
Erbium   33.12 42.70  49 
Thulium  28.20 32.97 42.51  --- 
Ytterbium   32.62 42.07   
Lutetium   32.46 41.86  52 
Lanthanum  34.06  49.74   
Cerium  31.47   52.44 
CeO2 
54 
Praseodymium  33.67  48.48  43.4 
Neodymium 25.12 30.12  45.44  36 
Samarium 24.69 29.62  44.67  52 
Gadolinium 24.26 29.11  43.89  50 
Ytterbium    53.73  49 
Scandium     73.38 
Sc2O3 
--- 
Terbium      53 
 
5.2.2. Initial Vaporization/Mass Loss Experiments 
Individual RECl vaporization experiments took place in the same furnaces as those used 
for the chlorination experiments.  Argon gas flowed at 0.250 mL/min.  Table XXVIII 
summarizes all the experiments, their mass loss, and a comparison to the highest mass loss 
determined by TGA.  For most rare earths (except samarium), the measured experimental mass 
losses were higher than the mass losses determined by TGA trials.  The outcomes are a possible 
indicator that oxygen may be infiltrating the test chamber in the TGA experiments, or 
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conversely, the bonded water may react to form the oxides and oxychlorides.  The higher mass 
losses indicate that vaporization took place. 
Figure 46 and Figure 47 respectively for light and heavy RECLs suggest that a hydrated 
RECl will convert to an oxychloride first, then later to a RECl gas species.    
 
   
Figure 46:  Thermodynamic model of light hydrated RECls undergoing a temperature increase in an argon 
atmosphere to determine if a REOCl or RECl would preferentially form. 
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Figure 47:  Thermodynamic model of heavy hydrated RECls undergoing a temperature increase in an argon 
atmosphere to determine if a REOCl or RECl would preferentially form. 
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Table XXVIII:  Comparison of individual RECL furnace vaporization trials summary of results. 
Sample 
Temp 
(oC) 
Time 
(min) 
% Mass 
Loss 
Comments 
Mass Loss 
TGA Test 
up to 
1450oC 
Thoretical 
TVap(0.83 
atm)(oC) 
DyCl3 750 60 41.13%  52% 1178.34 
HoCl3 750 60 43.40%  --- 1547.07 
NdCl3 1100 60 61.41% sample ramped up to temp 
36% 1676.90 
NdCl3 1100 60 58.68% sample ramped up to temp 
NdCl3 1050 60 59.70% sample ramped up to temp 
NdCl3 1000 100 34.59% 
Argon gas ran out 70 min into test, tanks were swapped, test 
continued 
NdCl3 1000 60 30.34% Sample placed in furnace when at temp 
NdCl3 950 120 27.42% MTI  1100, sample in furnace then ramped to temp 
NdCl3 900 120 33.01% 2 hours at temp, ramped to temp 
NdCl3 850 60 24.40%  
NdCl3 800 60 17.47% MTI  1100, sample ramped to temp 
NdCl3 800 60 30.14% Clam Shell, sample ramped to temp 
NdCl3 775 60 27.27% Clam Shell, sample ramped to temp 
NdCl3 770 60 15.57% Clam shell, sample ramped to temp 
NdCl3 750 60 10.65% Clam shell, sample ramped to temp 
SmCl3 1105 60 69.21%  
52% 2726.19 
SmCl3 1080 60 66.73%  
SmCl3 1055 60 66.01% clam shell, sample ramped to temp 
SmCl3 850 60 42.01%  
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5.2.3. Light/Heavy Vaporization/Separation 
A second step in the vaporization process development sequence was to attempt to 
separate three RECls.  Three light and three heavy rare earth chlorides were chosen for 
vaporization experiments.  The furnace train described in the experimental section was used 
except a different oxygen trap was devised.  Copper windings were heated to 100oC in a sealed 
furnace.  The argon purge gas flowed through the furnace loaded with the copper windings and 
into the furnace train.  Any oxygen in the gas would react with the copper, allowing clean, pure 
argon to move into the furnace train.  Unfortunately, this method also had some shortcomings.  
The quartz furnace tube conducted the heat to the end of the tube, melted O-rings and possibly 
allowed air to enter the system.  Table XXIX summarizes the experiments, their parameters, and 
the recorded mass losses. 
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Table XXIX:  Summary of results in light RECL vaporization separation trials 
Lights Vaporization Separation Trials 
Trial Sample 
Time at 
temp. Hrs 
(min) 
Temp 
(oC) 
Gas Flow 
(mL/min) 
% 
Mass 
Loss 
Comments 
1 
Eucl3 
8 hrs (480) 1100 300 
52.7 
NdCl3 and SmCl3 boats fused 
together; the boats were separated 
and weighed individually. 
SmCl3 39.4 
NdCl3 70.5 
SmCl3 and 
NdCl3 
combined 
masses 
55.4 
2 
Eucl3 
8 hrs (480) 1100 300 
0.0 EuCl3 from previous experiments 
was used due to cost and 
calculated Tvaporization (none should 
have vaporized).  Used Copper 
windings as O2 getter.  XRD 
revealed formation of REOCl, 
Possible O2 Leak 
SmCl3 60.7 
NdCl3 68.4 
3 
Eucl3 
8 hrs (480) 1100   
--- Forgot Argon gas, tube washed 
out, no residue available.  BAD 
RUN 
SmCl3 --- 
NdCl3 --- 
4 
Eucl3 
8 hrs (480) 1100 300 
54.6 
----  SmCl3 55.1 
NdCl3 39.3 
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Table XXX:  Summary of results in heavy RECL vaporization separation trials 
Heavy Vaporization Separation Trials 
Trial  Sample 
Time at 
temp. Hrs 
(min) 
Temp 
(oC) 
Gas Flow 
(mL/min) 
% Mass 
Loss 
Comments 
1 
GdCl3 
8 hrs (480) 1100 300 
50.2 
Possible air leak TbCl3 50.0 
DyCl3 45.7 
2 
GdCl3 
8 hrs (480) 1100 300 
--- Used copper windings in furnace as 
O2 getter.  Noticed melted O-ring.  
XRD revealed formation of REOCl 
TbCl3 --- 
DyCl3 --- 
3 
GdCl3 
8 hrs (480) 1100 300 
--- 
Samples fell on floor, no final mass 
values obtained 
TbCl3 --- 
DyCl3 --- 
 
Samples were taken throughout the length of the tube.  EDAX analysis was used to 
manually spot deposits and determine the chemical makeup.  Great effort was taken to be un-
biased and sample as randomly as possible.  Averages of elemental identification were taken and 
the data normalized.  Results are presented in Figure 48 and Figure 49.  Heavy separation 
consisted of three separate zones, 7-12, 15-17, 25-27 inches.  The 15-17 and 25-27 inch zones 
consisted of dysprosium chloride.  The 7-12 inch zone in the tube was found to be a three part 
composition of dysprosium, gadolinium, and terbium chloride. Light separation stretched out 
over approximately 10 inches with a gradient.  At higher temperatures (starting at approximately 
750oC) neodymium chloride and samarium chloride begins to condense with neodymium in 
higher quantities.  At lower temperature (250oC), the roles were reversed.  EuCl3 was not 
detected along the length of the tube; this result was expected as it did not reach a high enough 
temperature (Tvap.=1323
OC).   
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Figure 48:  Heavy RECl separation zones and composition. 
 
 
Figure 49:  Light RECl separation zones and composition.  
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The results prove that separation of rare earth chlorides by selective vaporization and 
condensation is possible.  The more volatile  RECls enter the vapor phase and flow downstream 
and condense as the gas cools, while others (less volatile) remain in the boat as solid RECls.  
Likewise, while condensing, a gradient was observed.  Lastly, RECls were converted to a vapor 
at much lower temperatures than calculated.  NdCl3 and SmCl3 were not exposed to temperatures 
high enough to be transformed to a gas species even when accounting for the partial pressure 
difference (Table XXXI); these chlorides were not expected to vaporize.  All samples used were 
hydrated; perhaps the water being driven off to a vapor helps shift the equilibrium and assists in 
vaporization.   
Table XXXI:  Comparison of calculated partial pressure and temperatures as those exposed to during 
light/heavy separation. 
Pressure (atm) 
Temperature oC 
0.83 1.00 0.001 0.0001 
Heavy 
DyCl3 138 1351 1192 1192 
GdCl3 2115 2019 1654 1654 
TbCl3 2060 1970 1624 1624 
Light 
NdCl3 2225 2114 1708 1708 
SmCl3 4598 4143 2812 2810 
Eucl3 6187 5626 3905 3904 
 
Another theory is that the gas velocity may have been too high and pulled material from 
the boats, in essence carrying solid particles through the length of the tube until settling in the tube.  
Murase’s flow rate was 30-35 mL/minute compared to 250 mL/min. 
5.2.4. Vaporization Applied to an Ore 
Ore vaporization experiments did not run smoothly.  Thermocouples failed and tube 
outlets became plugged from condensing species, at times building enough pressure to blow ends 
off the furnace tube.  Table XXXII contains a summary of the two tests that were completed with 
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their respective mass losses.  Throughout all experiments, the ore in the boat was found to form a 
glassy substance at one end; the remainder was a sintered clump (Figure 50).  SEM data gives 
values in units of area percent.  Figure 53 for RE2 shows 100% thorium chloride.  However, that 
measurement was the only small grain detected for that location.  Interpretation of the data is 
purely qualitative so the results should not be used quantitatively.  All rare earth chlorides except 
for thorium chloride are direct matches to the prepared standards.  Results are provided in area 
percent; analysis was performed on the SEM, and the scan identifies elements based on area.  
Figure 51 and Figure 52 show results taken from the top and side of the tube respectively for 
RE1.  Boat residue and glass consisted of primarily gangues and unidentified substances.  The 
unidentified substances did not correspond to known spectra or standards created previously with 
the reagent grade rare earth chlorides.   
Table XXXII:  Summary of ore vaporization experiments and mass losses 
Ore Vaporization Experiments 
Sample 
Mass Of 
Boat (g) 
Combined 
Mass (g) 
Post 
mass (g) 
Mass 
Lost (g) 
% 
Mass 
Loss 
RE1 
Boat 1 12.9743 22.475 14.3184 8.1566 85.9 
Boat 2 13.1628 22.7354 14.4721 8.2633 86.3 
RE2 
Boat 1 11.5763 20.5859 12.3042 8.2817 91.9 
Boat 2 13.7438 22.9213 14.4898 8.4315 91.9 
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Figure 50:  Picture showing the sintered residue and glass left in the boar after vaporization experiments 
 
Figure 51:  Breakdown analys of where residue samples were taken from the top of the tube.  Sample RE1 
 
Where RECl species were detected, it tended to be along the same region as the light and 
heavy separation experiments (38-51 inches), where the sharp decline in temperature occurs.  
Unfortunately, this area also evidenced heavy concentrations of gangue chlorides and ammonium 
chloride condensation, so much so, that it may be possible for it to mask any rare earth chlorides 
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that may have been present.  There is some correlation between RE2 (Figure 53) separation and 
light reagent grade separation (Figure 49).  NdCl3 condensed in approximately the same 
temperature zone (800oC and lower).   
  
 
Figure 52:  Breakdown analysis of where residue samples were taken from side of the tube sample RE1 
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Figure 53:  Breakdown analysis of where residue samples were taken within the tube on RE2. (t) indicates a 
trace amount of the REE was detected. 
 
 The possibility of the converting the RECls to REOCls in ore vaporization experiments 
are reduced due to the presence of the surplus NH4Cl left over from the ore roast.  Gupta 
[22] 
summarizes earlier research performed by multiple authors.  Croat used vacuum dehydration 
with a mixture of NH4Cl with hydrated RECl.  The mixture was heated for 4 hours at 90
oC under 
vacuum.  Hirschhorn heated hydrated samples in either air or under vacuum with the addition of 
salt.   
In the case of current experiments, the surplus NH4Cl from the chlorination roast carried over 
with the mixture to the vaporization process under an argon gas flow, removing any water. 
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6. Conclusions 
Rare earth chlorination was proven, refined, and determined to be effective.  When the 
optimized parameters of 330oC, a molar ratio (NH4Cl:REO) of 21:1, and a solids residence time 
of one hour at temperature were applied to actual ore and concentrate samples, the resulting 
overall conversion efficiencies were 92.15% in concentrates and 94.51% in the ore.  The fact that 
higher chlorination efficiencies were obtained with an as-received ore sample is promising, 
suggesting that direct chlorination of ore could eliminate several processing steps.   
However, the above stated parameters of 330oC, a molar ratio (NH4Cl:REO) of 21:1, and a 
time of one hour are not finite.  The chlorination roasting process is robust and flexible.  Further 
analysis of the roasting model shows that the parameters can vary greatly and still achieve 
greater than 90% conversion.  A summary of the varied parameters and conversion is displayed 
in Figure 54. 
 
Figure 54:  Flexibility of the chlorination roasting process, showing the variability of parameters and still 
having the ability for high conversion. 
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The results of proof-of-concept experiments showed that selective separation is possible.  
Pure light and heavy separation experiments indicate temperature regions for both isolated and 
mixed condensation.  The same process applied to the ore indicates promising results.  REEs 
were detected throughout the length of the tube and its respective cooling gradient.  The system 
becomes complex with the addition of the gangues.   
The addition of a pyrometallurgical process would be beneficial and could potentially 
eliminate present processing steps.  Figure 55 provides a hypothetical pyrometallurgical (initial- 
chlorination and selective vaporization) and hydrometallurgical (later-condensate separation) 
extractive process (compare to Figure 2).  The removal of beneficiation, complex leaching, and 
recirculation/regrind steps improve the process without compromising extraction efficiency.  
Further study is necessary to establish an industrial process.   
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Figure 55:  Theorized process flow for RECl production using a pyrometallurgical process. 
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7. Recommendations 
7.1. Chlorination 
7.1.1. REOCl Solubility 
As previously indicated, the insolubility of REOCl has been questioned.  It may be 
possible to take the data results acquired using XRD from the ammonium chloride experimental 
matrix and, using StatEase, determine optimum parameters to form YbOCl.  From there, one 
could perform solubility experiments to ascertain the degree of oxychloride solubility. 
7.1.2. HCl Chlorination 
Re-run and analyze the chlorination with HCl gas design matrix using either a fluidized 
bed, or spreading out Yb2O3 on a flat setter tile.  Either technique should give greater particle-gas 
interaction, the greatest being the fluidized bed method.  Hong et al. [7] presented work where 
they were able to chlorinate REOs in a fluidized bed and further investigated the different levels 
of dehydration of hydrated chlorides.  Experimental products can again be analyzed through 
either ICP or XRD.  In the case of XRD, the addition of a heated and environmentally controlled 
sample holder would prevent sample hydration.  A higher power setting of 40Kv and 40mA is 
also recommended.  Hydrated samples posed an issue when analyzing via XRD as the samples 
would “curl” out of the sample holder, causing possible misidentification.  It was possible to 
work through this problem because of the known reagent grade oxides used.  A heated stage 
would prevent hydration and maintain a constant plane, ultimately not altering the angles of 
reflection.  Higher power would aid in analysis by slightly increasing counts and peak definition.     
7.1.3. Ore Chlorination 
Ore chlorination could be optimized in the Thermcraft furnace.  Surplus NH4Cl was mixed in 
with the ore due to the conversion of the gangue oxides to chloride compounds.  But not all of 
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the oxides converted to chlorides.  Regardless, ammonium chloride charged with the ore was at 
21:1 molar ratio while accounting for all the oxides in the ore.   The gangue oxides that did not 
convert do not need the ammonium chloride that was placed in the system.  By optimizing the 
ore roasting, it may be possible to reduce the amount of ammonium chloride used.  Additionally, 
the surplus NH4Cl masked the inside of the furnace tube in ore vaporization trials; possibly 
concealing other compounds.  RECl detection of condensed RECl species using EDAX may be 
improved by reducing the amount of ammonium chloride during chlorination.   
7.2. Vaporization 
Vaporization could be broken down into a series of steps to allow greater understanding.  
The research and data presented was for a highly simplified system which in reality is much 
more complex.  The addition of gangues and the surplus/residual NH4Cl could either help or 
hinder the system. 
7.2.1. TGA Trials 
TGA experiments could be repeated.  Due to the difference in data collected between the 
TGA experiments and individual mass loss/vaporization experiments, it is recommended that an 
oxygen trap be installed to the argon line to remove trace amounts of oxygen and/or water.  The 
same filter used in line with the furnaces in this study could be plumbed into the TGA equipment 
(Thermo Scientific P/N 60180-804).   Heating rates could be decreased to 10oC/min (or 
5.4oC/min to match Wendlandt [30] [31]) through the entire test to better understand the 
dehydration schemes of the chloride species and determine if the samples truly converted to a 
REOCl or some other species during testing.  There is a possibility that the chlorinated ore would 
hydrate when exposed to air and could lead to issues in vaporization.  Residue post 
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experimentation could be analyzed by placing the alumina crucible in water.  If the residue left 
remained a RECl, it would be water soluble.   
7.2.2. Vaporization Residue Collection and Analysis 
As previously stated, sampling and analysis methods were not sufficient.  It is proposed 
to use a tube-in-tube experimental setup much like Murase’s (see Figure 11) to increase surface 
area for collection and condensation in each zone, much like a fractional distillation set-up used 
in chemistry.  Options could include sections or ceramic honey comb, tungsten carbide roughing 
end mill, or some other high temperature material could be individually placed in each section.  
Whatever is chosen, the idea is to increase the amount of surface area in each section available 
for condensation.  Each segment could then be placed in water and allow the residue to enter 
solution, which could then be analyzed via ICP.  Similarly, the gas scrubber solution should be 
analyzed via ICP for its contents as well as the residue left in the boat post experimentation.  
These steps would greatly increase an overall mass balance of the system during the selective 
vaporization process.  
7.2.3. Intermediate Vaporization 
Current experiments stepped from pure RECls to an ore.  To understand how the RECls 
interact with each other, it is proposed to charge the vaporization furnace set-up with a mixture 
of pure RECls representing the makeup of the ore minus the gangues (Figure 23).  Further 
experiments should be performed with addition of current surplus NH4Cl and gangues later.  It is 
unknown whether excess NH4Cl helps or hinders the vaporization and transport of the RECl 
species through the train.  Ammonium chloride does overwhelm and mask the entire length of 
the tube with current experimentation and sampling methods.  Ideally NH4Cl sublimates at 
approximately 340oC.  If it is determined in ore chlorination optimization that the excess NH4Cl 
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is necessary, then perhaps the surplus NH4Cl could be “boiled” out of the chlorinated ore at a 
lower temperature prior to vaporizing the ore.  This intermediate step would allow greater 
understanding of the complexity of the ore.  
7.2.4. Full Ore Vaporization/Separation 
Ore vaporization can tie in with the intermediate investigation.  There is a definite need to 
understand the effects of the presence of the ammonium chloride.  Perhaps it increases the 
activity of the vaporization reaction.  The same thoughts apply to the gangues included in the ore 
including iron.  Further investigation is necessary.  Lastly, yttrium was identified as an additional 
species of interest.  Recoveries of yttrium within the Bear Lodge ore should be investigated.  
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9. Appendix A:  Theoretical Data 
9.1. Compendium of thermodynamic data used to create predominance area diagrams and vapor 
pressure curves.  Data was extracted from the HSC 7.0 database. 
9.1.1. Scandium 
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9.1.2. Lanthanum 
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9.1.3. Cerium 
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9.1.4. Praseodymium 
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9.1.5. Neodymium 
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9.1.6. Samarium 
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9.1.7. Europium 
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9.1.8. Gadolinium 
 
 
126 
 
9.1.9. Terbium 
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9.1.10. Dysprosium 
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9.1.11. Holmium 
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9.1.12. Erbium 
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9.1.13. Thulium 
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9.1.14. Ytterbium 
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9.1.15. Lutetium 
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9.1.16. Yttrium 
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9.2. Chlorination 
9.2.1. Predominance Area Diagrams - Low Temperature Roasting 
9.2.1.1. Ytterbium 
 
Figure 56:  Predominance area diagram for the Yb-O-Cl system at 603.15 K and partial pressure of YbCl3(g) 
of 1.0 atm 
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9.2.1.2. Scandium 
 
Figure 57:  Predominance area diagram for the Sc-O-Cl system at 603.15 K and partial pressure of ScCl3(g) 
of 1.0 atm 
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9.2.1.3. Lanthanum 
 
Figure 58:  Predominance area diagram for the La-O-Cl system at 603.15 K and partial pressure of LaCl3(g) 
of 1.0 atm. 
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9.2.1.4. Cerium 
 
Figure 59:  Predominance area diagram for the Ce-O-Cl system at 603.15 K and partial pressure of CeCl3(g) 
of 1.0 atm 
 
 
 
 
 
 
 
140 
 
9.2.1.5. Praseodymium 
 
Figure 60:  Predominance area diagram for the Pr-O-Cl system at 603.15 K and partial pressure of PrCl3(g) 
of 1.0 atm 
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9.2.1.6. Neodymium 
 
Figure 61:  Predominance area diagram for the Nd-O-Cl system at 603.15 K and partial pressure of NdCl3(g) 
of 1.0 atm 
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9.2.1.7. Samarium 
 
Figure 62:  Predominance area diagram for the Sm-O-Cl system at 603.15 K and partial pressure of 
SmCl3(g) of 1.0 atm 
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9.2.1.8. Europium 
 
Figure 63:  Predominance area diagram for the Eu-O-Cl system at 603.15 K and partial pressure of EuCl3(g) 
of 1.0 atm 
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9.2.1.9. Gadolinium 
 
Figure 64:  Predominance area diagram for the Gd-O-Cl system at 603.15 K and partial pressure of GdCl3(g) 
of 1.0 atm 
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9.2.1.10. Terbium 
 
Figure 65:  Predominance area diagram for the Tb-O-Cl system at 603.15 K and partial pressure of TbCl3(g) 
of 1.0 atm 
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9.2.1.11. Dysprosium 
 
Figure 66:  Predominance area diagram for the Dy-O-Cl system at 603.15 K and partial pressure of DyCl3(g) 
of 1.0 atm 
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9.2.1.12. Holmium 
 
Figure 67:  Predominance area diagram for the Ho-O-Cl system at 603.15 K and partial pressure of HoCl3(g) 
of 1.0 atm 
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9.2.1.13. Erbium 
 
Figure 68:  Predominance area diagram for the Er-O-Cl system at 603.15 K and partial pressure of ErCl3(g) 
of 1.0 atm 
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9.2.1.14. Thulium 
 
Figure 69:  Predominance area diagram for the Tm-O-Cl system at 603.15 K and partial pressure of 
TmCl3(g) of 1.0 atm 
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9.2.1.15. Lutetium 
 
Figure 70:  Predominance area diagram for the Lu-O-Cl system at 603.15 K and partial pressure of LuCl3(g) 
of 1.0 atm 
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9.2.1.16. Yttrium 
 
Figure 71:  Predominance area diagram for the Y-O-Cl system at 603.15 K and partial pressure of YCl3(g) of 
1.0 atm 
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9.3. Vaporization  
9.3.1. Vaporization Curves 
153 
 
 
Figure 72:  Vaporization temperatures of light RECls 
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Figure 73:  Vaporization temperature of all rare earth chlorides. 
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Figure 74:  Vaporization curves of heavy RECl 
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Figure 75:  Vaporization curves for the total makeup of the Bear Lodge ore. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
3
0
0
4
0
0
5
0
0
6
0
0
7
0
0
8
0
0
9
0
0
1
0
0
0
1
1
0
0
1
2
0
0
1
3
0
0
1
4
0
0
1
5
0
0
1
6
0
0
1
7
0
0
1
8
0
0
1
9
0
0
2
0
0
0
2
1
0
0
2
2
0
0
2
3
0
0
2
4
0
0
2
5
0
0
2
6
0
0
P
A
R
TI
A
L 
P
R
ES
SU
R
E 
   
(A
TM
)
TEMPERATURE K
COMPLETE ORE MAKEUP
LaCl3 CeCl3 PrCl3 NdCl3 SmCl3 SmCl2
EuCl3 GdCl3 TbCl3 DyCl3 NH3 FeCl2
FeCl3 CaCl2 MnO SiO Fe2O3 0.83 atm (5000 ft)
157 
 
9.3.2. Van’t Hoff Plots of Vaporization  
 
Figure 76:  Van't Hoff Plot of RECl Light Vaporization 
 
 
Figure 77:  Van't Hoff Plot of RECl Heavy Vaporization 
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Figure 78:  Van't Hoff Plot of Gangue Vaporization contained in the Bear Lodge Ore 
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9.3.3. Vaporization Curve Fit Data from Van’t Hoff Plots 
Table XXXIII:  Vaporization curve fitting data from Van’t Hoff Plots 
Vaporization Curve Data (Range is from 0.01 atm to 1.0 atm) 
Log10 (pressure (atm))=Ax3+Bx2Cx+D, Where x=(10,000/Temperature (K)) 
Reaction A B C D Fit (R2) 
Light RECl 
ScCl3(s)→ ScCl3(g) -0.012 0.1735 -1.469 5.6661 0.9997 
LaCl3(s)→ LaCl3(g) 0.0024 -0.1158 0.0112 1.8563 0.9999 
CeCl3(s)→ CeCl3(g) 0.0016 -0.0921 -0.1521 2.66111 0.9999 
PrCl3(s)→ PrCl3(g) -0.0002 -0.0355 -0.696 4.4303 0.9999 
NdCl3(s)→ NdCl3(g) 0.0002 -0.0482 -0.5338 3.897 0.9999 
SmCl3(s)→ SmCl3(g) -8.00E-05 -0.0366 -0.6448 2.4787 0.9999 
SmCl2(s)→ SmCl2(g) 0.0019 -0.0663 -0.7735 5.0437 1.0000 
EuCl2(s)→ EuCl2(g) 0.0005 -0.0419 -1.0223 2.6809 1.0000 
GdCl3(s)→ GdCl3(g) -9.00E-05 -0.03 -0.7098 4.5043 0.9999 
Heavy RECl 
TbCl3(s)→ TbCl3(g) 0.0006 -0.0434 -0.6402 4.4934 1.0000 
DyCl3(s)→ DyCl3(g) 0.0008 -0.0531 -0.6563 6.6994 1.0000 
HoCl3(s)→ HoCl3(g) 0.00046 -0.1318 -0.1317 3.8614 1.0000 
ErCl3(s)→ ErCl3(g) 0.0047 -0.1365 0.0915 3.6304 1.0000 
TmCl3(s)→ TmCl3(g) 0.002 -0.0835 -0.295 4.0983 1.0000 
YbCl3(s)→ YbCl3(g) -0.0036 0.0431 -1.4218 8.4611 1.0000 
YbCl2(s)→ YbCl2(g) 0.0031 -0.0887 -0.9205 5.939 1.0000 
LuCl3(s)→ LuCl3(g) -0.0057 0.1644 -3.8322 21.485 1.0000 
YCl3(s)→ YCl3(g) -0.0022 0.0259 -1.2436 6.9823 1.0000 
Gangues 
NH4Cl(s)→ NH3(g)+HCl(g) 0.0002 -0.015 -0.561 11.521 1.0000 
FeCl2(s)→ FeCl2(g) 0.001 -0.0609 0.0678 2.7388 0.9997 
FeCl3(s)→ FeCl3(g) 0.0006 -0.0451 0.4385 -0.0478 0.9998 
CaCl2(s)→CaCl2(g) 0.0013 -0.0609 -0.7366 4.272 1.0000 
MNO(s)→MNO(g) 0.0005 -0.0197 -2.544 7.2295 1.0000 
SiO(s)→SiO(g) 0.004 -0.0853 -3.5377 11.615 1.0000 
Fe2O3(s)→Fe2O3(g) 0.0011 -0.0364 -3.8423 12.49 1.0000 
YbO(s)→YbO(g) 7.00E-05 -0.0053 -4.2365 11.17 1.0000 
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9.3.4. Predominance Area Diagrams for Vaporization 
9.3.4.1. Predominance Diagrams at 1100oC 
9.3.4.1.1. Neodymium 
 
Figure 79:  Predominance area diagram for the Nd-O-Cl system at 1373.15 K and partial pressure of 
NdCl3(g) of 1.0 atm 
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Figure 80:  Predominance area diagram for the Nd-O-Cl system at 1373.15 K and partial pressure of 
NdCl3(g) of 0.1 atm 
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Figure 81:  Predominance area diagram for the Nd-O-Cl system at 1373.15 K and partial pressure of 
NdCl3(g) of 0.01 atm. 
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Figure 82:  Predominance area diagram for the Nd-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.1.2. Samarium 
 
Figure 83:  Predominance area diagram for the Sm-O-Cl system at 1373.15 K and partial pressure of 
SmCl3(g) of 1.0 atm 
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Figure 84:  Predominance area diagram for the Sm-O-Cl system at 1373.15 K and partial pressure of 
SmCl3(g) of 0.1 atm 
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Figure 85:  Predominance area diagram for the Sm-O-Cl system at 1373.15 K and partial pressure of 
SmCl3(g) of 0.01 atm 
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Figure 86:  Predominance area diagram for the Sm-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.1.3. Europium 
 
Figure 87:  Predominance area diagram for the Eu-O-Cl system at 1373.15 K and partial pressure of 
EuCl3(g) of 1.0 atm 
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Figure 88:  Predominance area diagram for the Eu-O-Cl system at 1373.15 K and partial pressure of 
EuCl3(g) of 0.1 atm 
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Figure 89:  Predominance area diagram for the Eu-O-Cl system at 1373.15 K and partial pressure of 
EuCl3(g) of 0.01 atm 
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Figure 90:  Predominance area diagram for the Eu-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.1.4. Gadolinium 
 
Figure 91:  Predominance area diagram for the Gd-O-Cl system at 1373.15 K and partial pressure of 
GdCl3(g) of 1.0 atm 
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Figure 92:  Predominance area diagram for the Gd-O-Cl system at 1373.15 K and partial pressure of 
GdCl3(g) of 0.1 atm 
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Figure 93:  Predominance area diagram for the Gd-O-Cl system at 1373.15 K and partial pressure of 
GdCl3(g) of 0.01 atm 
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Figure 94:  Predominance area diagram for the Gd-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.1.5. Terbium 
 
Figure 95:  Predominance area diagram for the Tb-O-Cl system at 1373.15 K and partial pressure of 
GdCl3(g) of 1.0 atm 
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Figure 96:  Predominance area diagram for the Tb-O-Cl system at 1373.15 K and partial pressure of 
TbCl3(g) of 0.1 atm 
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Figure 97:  Predominance area diagram for the Tb-O-Cl system at 1373.15 K and partial pressure of 
TbCl3(g) of 0.01 atm 
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Figure 98:  Predominance area diagram for the Tb-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.1.6. Dysprosium 
 
Figure 99:  Predominance area diagram for the Dy-O-Cl system at 1373.15 K and partial pressure of 
DyCl3(g) of 1.0 atm 
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Figure 100:  Predominance area diagram for the Dy-O-Cl system at 1373.15 K and partial pressure of 
DyCl3(g) of 0.1 atm 
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Figure 101:  Predominance area diagram for the Dy-O-Cl system at 1373.15 K and partial pressure of 
DyCl3(g) of 0.01 atm 
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Figure 102:  Predominance area diagram for the Dy-O-Cl system at 1373.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2. Predominance Area Diagrams 1200oC 
9.3.4.2.1. Neodymium 
 
Figure 103:  Predominance area diagram for the Nd-O-Cl system at 1473.15 K and partial pressure of 
NdCl3(g) of 1.0 atm 
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Figure 104:  Predominance area diagram for the Nd-O-Cl system at 1473.15 K and partial pressure of 
NdCl3(g) of 0.1 atm 
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Figure 105:  Predominance area diagram for the Nd-O-Cl system at 1473.15 K and partial pressure of 
NdCl3(g) of 0.01 atm 
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Figure 106:  Predominance area diagram for the Nd-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2.2. Samarium 
 
Figure 107:  Predominance area diagram for the Sm-O-Cl system at 1473.15 K and partial pressure of 
SmCl3(g) of 1.0 atm 
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Figure 108:  Predominance area diagram for the Sm-O-Cl system at 1473.15 K and partial pressure of 
SmCl3(g) of 01 atm 
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Figure 109:  Predominance area diagram for the Sm-O-Cl system at 1473.15 K and partial pressure of 
SmCl3(g) of 0.01 atm 
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Figure 110:  Predominance area diagram for the Sm-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2.3. Europium 
 
Figure 111:  Predominance area diagram for the Eu-O-Cl system at 1473.15 K and partial pressure of 
EuCl3(g) of 1.0 atm 
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Figure 112:  Predominance area diagram for the Eu-O-Cl system at 1473.15 K and partial pressure of 
EuCl3(g) of 0.1 atm 
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Figure 113:  Predominance area diagram for the Eu-O-Cl system at 1473.15 K and partial pressure of 
EuCl3(g) of 0.01 atm 
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Figure 114:  Predominance area diagram for the Eu-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2.4. Gadolinium 
 
Figure 115:  Predominance area diagram for the Gd-O-Cl system at 1473.15 K and partial pressure of 
GdCl3(g) of 1.0 atm 
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Figure 116:  Predominance area diagram for the Gd-O-Cl system at 1473.15 K and partial pressure of 
GdCl3(g) of 0.1 atm 
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Figure 117:  Predominance area diagram for the Gd-O-Cl system at 1473.15 K and partial pressure of 
GdCl3(g) of 0.01 atm 
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Figure 118:  Predominance area diagram for the Gd-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2.5. Terbium 
 
Figure 119:  Predominance area diagram for the Tb-O-Cl system at 1473.15 K and partial pressure of 
TbCl3(g) of 1.0 atm 
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Figure 120:  Predominance area diagram for the Tb-O-Cl system at 1473.15 K and partial pressure of 
TbCl3(g) of 0.1 atm 
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Figure 121:  Predominance area diagram for the Tb-O-Cl system at 1473.15 K and partial pressure of 
TbCl3(g) of 0.01 atm 
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Figure 122:  Predominance area diagram for the Tb-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.2.6. Dysprosium 
 
Figure 123:  Predominance area diagram for the Dy-O-Cl system at 1473.15 K and partial pressure of 
DyCl3(g) of 1.0 atm 
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Figure 124:  Predominance area diagram for the Dy-O-Cl system at 1473.15 K and partial pressure of 
DyCl3(g) of 0.1 atm 
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Figure 125:  Predominance area diagram for the Dy-O-Cl system at 1473.15 K and partial pressure of 
DyCl3(g) of 0.01 atm 
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Figure 126:  Predominance area diagram for the Dy-O-Cl system at 1473.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3. Predominance Area Diagrams 1300oC 
9.3.4.3.1. Neodymium 
 
Figure 127:  Predominance area diagram for the Nd-O-Cl system at 1573.15 K and partial pressure of 
NdCl3(g) of 1.0 atm 
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Figure 128:  Predominance area diagram for the Nd-O-Cl system at 1573.15 K and partial pressure of 
NdCl3(g) of 0.1 atm 
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Figure 129:  Predominance area diagram for the Nd-O-Cl system at 1573.15 K and partial pressure of 
NdCl3(g) of 0.01 atm 
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Figure 130:  Predominance area diagram for the Nd-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3.2. Samarium  
 
Figure 131:  Predominance area diagram for the Sm-O-Cl system at 1573.15 K and partial pressure of 
SmCl3(g) of 1.0 atm 
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Figure 132:  Predominance area diagram for the Sm-O-Cl system at 1573.15 K and partial pressure of 
SmCl3(g) of 0.1 atm 
214 
 
 
Figure 133:  Predominance area diagram for the Sm-O-Cl system at 1573.15 K and partial pressure of 
SmCl3(g) of 0.01 atm 
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Figure 134:  Predominance area diagram for the Sm-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3.3. Europium 
 
Figure 135:  Predominance area diagram for the Eu-O-Cl system at 1573.15 K and partial pressure of 
EuCl3(g) of 1.0 atm 
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Figure 136:  Predominance area diagram for the Eu-O-Cl system at 1573.15 K and partial pressure of 
EuCl3(g) of 0.1 atm 
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Figure 137:  Predominance area diagram for the Eu-O-Cl system at 1573.15 K and partial pressure of 
EuCl3(g) of 0.01 atm 
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Figure 138:  Predominance area diagram for the Eu-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3.4. Gadolinium 
 
Figure 139:  Predominance area diagram for the Gd-O-Cl system at 1573.15 K and partial pressure of 
GdCl3(g) of 1.0 atm 
221 
 
 
Figure 140:  Predominance area diagram for the Gd-O-Cl system at 1573.15 K and partial pressure of 
GdCl3(g) of 0.1 atm 
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Figure 141:  Predominance area diagram for the Gd-O-Cl system at 1573.15 K and partial pressure of 
GdCl3(g) of 0.01 atm 
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Figure 142:  Predominance area diagram for the Gd-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3.5. Terbium 
 
Figure 143:  Predominance area diagram for the Tb-O-Cl system at 1573.15 K and partial pressure of 
TbCl3(g) of 1.0 atm 
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Figure 144:  Predominance area diagram for the Tb-O-Cl system at 1573.15 K and partial pressure of 
TbCl3(g) of 0.1 atm 
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Figure 145:  Predominance area diagram for the Tb-O-Cl system at 1573.15 K and partial pressure of 
TbCl3(g) of 0.01 atm 
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Figure 146:  Predominance area diagram for the Tb-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.3.6. Dysprosium 
 
Figure 147:  Predominance area diagram for the Dy-O-Cl system at 1573.15 K and partial pressure of 
DyCl3(g) of 1.0 atm 
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Figure 148:  Predominance area diagram for the Dy-O-Cl system at 1573.15 K and partial pressure of 
DyCl3(g) of 0.1 atm 
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Figure 149:  Predominance area diagram for the Dy-O-Cl system at 1573.15 K and partial pressure of 
DyCl3(g) of 0.01 atm 
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Figure 150:  Predominance area diagram for the Dy-O-Cl system at 1573.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4. Predominance Area Diagrams 1400oC 
9.3.4.4.1. Neodymium 
 
Figure 151:  Predominance area diagram for the Nd-O-Cl system at 1673.15 K and partial pressure of 
NdCl3(g) of 1.0 atm 
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Figure 152:  Predominance area diagram for the Nd-O-Cl system at 1673.15 K and partial pressure of 
NdCl3(g) of 0.1 atm 
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Figure 153:  Predominance area diagram for the Nd-O-Cl system at 1673.15 K and partial pressure of 
NdCl3(g) of 0.01 atm 
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Figure 154:  Predominance area diagram for the Nd-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4.2. Samarium 
 
Figure 155:  Predominance area diagram for the Sm-O-Cl system at 1673.15 K and partial pressure of 
SmCl3(g) of 1.0 atm 
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Figure 156:  Predominance area diagram for the Sm-O-Cl system at 1673.15 K and partial pressure of 
SmCl3(g) of 0.1 atm 
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Figure 157:  Predominance area diagram for the Sm-O-Cl system at 1673.15 K and partial pressure of 
SmCl2(g) of 0.01 atm 
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Figure 158:  Predominance area diagram for the Sm-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4.3.  Europium 
 
Figure 159:  Predominance area diagram for the Eu-O-Cl system at 1673.15 K and partial pressure of 
EuCl3(g) of 1.0 atm 
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Figure 160:  Predominance area diagram for the Eu-O-Cl system at 1673.15 K and partial pressure of 
EuCl3(g) of 0.1 atm 
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Figure 161:  Predominance area diagram for the Eu-O-Cl system at 1673.15 K and partial pressure of 
EuCl3(g) of 0.01 atm 
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Figure 162:  Predominance area diagram for the Eu-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4.4. Gadolinium 
 
Figure 163:  Predominance area diagram for the Gd-O-Cl system at 1673.15 K and partial pressure of 
GdCl3(g) of 1.0 atm 
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Figure 164:  Predominance area diagram for the Gd-O-Cl system at 1673.15 K and partial pressure of 
GdCl3(g) of 0.1 atm 
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Figure 165:  Predominance area diagram for the Gd-O-Cl system at 1673.15 K and partial pressure of 
GdCl3(g) of 0.01 atm 
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Figure 166:  Predominance area diagram for the Gd-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4.5. Terbium 
 
Figure 167:  Predominance area diagram for the Tb-O-Cl system at 1673.15 K and partial pressure of 
TbCl3(g) of 1.0 atm 
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Figure 168:  Predominance area diagram for the Tb-O-Cl system at 1673.15 K and partial pressure of 
TbCl3(g) of 0.1 atm 
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Figure 169:  Predominance area diagram for the Tb-O-Cl system at 1673.15 K and partial pressure of 
TbCl3(g) of 0.01 atm 
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Figure 170:  Predominance area diagram for the Tb-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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9.3.4.4.6. Dysprosium 
 
Figure 171:  Predominance area diagram for the Dy-O-Cl system at 1673.15 K and partial pressure of 
DyCl3(g) of 1.0 atm 
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Figure 172:  Predominance area diagram for the Dy-O-Cl system at 1673.15 K and partial pressure of 
DyCl3(g) of 0.1 atm 
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Figure 173:  Predominance area diagram for the Dy-O-Cl system at 1673.15 K and partial pressure of 
DyCl3(g) of 0.01 atm 
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Figure 174:  Predominance area diagram for the Dy-O-Cl system at 1673.15 K and the three different partial 
pressure overlapped (1.0, 0.1, 0.01 atm) 
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10. Appendix B:  Raw Data 
10.1. Chlorination XRD Data with NH4Cl 
 
 
Figure 175:  XRD Scan (upper) and Rietveld analysis results (lower) of Run 1 from the chlorination test 
matrix Sample Name Yb_M1 
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Figure 176:  XRD Scan (upper) and Rietveld analysis results (lower) of Run 2 from the chlorination test 
matrix Sample Name Yb_M2 
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Figure 177:  XRD Scan (upper) and Rietveld analysis results (lower) of run 3 from the chlorination test 
matrix Sample Name Yb_M3 
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Figure 178:  XRD Scan (upper) and Rietveld analysis results (lower) of run 4 from the chlorination test 
matrix Sample Name Yb_M4 
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Figure 179:  XRD Scan (upper) and Rietveld analysis results (lower) of run 5 from the chlorination test 
matrix Sample Name Yb_M5 
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Figure 180:  XRD Scan (upper) and Rietveld analysis results (lower) of run 6 from the chlorination test 
matrix Sample Name Yb_M6 
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Figure 181:  XRD Scan (upper) and Rietveld analysis results (lower) of run 7 from the chlorination test 
matrix Sample Name Yb_M7 
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Figure 182:  XRD Scan (upper) and Rietveld analysis results (lower) of run 8 from the chlorination test 
matrix Sample Name Yb_M8 
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Figure 183:  XRD Scan (upper) and Rietveld analysis results (lower) of run 9 from the chlorination test 
matrix Sample Name Yb_M9 
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Figure 184:  XRD Scan (upper) and Rietveld analysis results (lower) of run 11 from the chlorination test 
matrix Sample Name Yb_M11 
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Figure 185:  XRD Scan (upper) and Rietveld analysis results (lower) of run 12 from the chlorination test 
matrix Sample Name Yb_M12 
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Figure 186:  XRD Scan (upper) and Rietveld analysis results (lower) of run 13 from the chlorination test 
matrix Sample Name Yb_M13 
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Figure 187:  XRD Scan (upper) and Rietveld analysis results (lower) of run 14 from the chlorination test 
matrix Sample Name Yb_M14 
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Figure 188:  XRD Scan (upper) and Rietveld analysis results (lower) of run 15 from the chlorination test 
matrix Sample Name Yb_M15 
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Figure 189:  XRD Scan (upper) and Rietveld analysis results (lower) of run 16 from the chlorination test 
matrix Sample Name Yb_M16 
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Figure 190:  XRD Scan (upper) and Rietveld analysis results (lower) of run 17 from the chlorination test 
matrix Sample Name Yb_M17 
 
 
20 40 60 80
         0
       500
      1000
      1500
    
          0
         50
        100
Dichlorohexaaquaerbium chloride, ( Er Cl2 ( H2 O )6 ) Cl
    
          0
         50
        100
Salammoniac, syn, N H4 Cl
20 40 60 80
          0
         50
        100
Ytterbium Oxide, Yb2 O3
2-theta (deg)
Meas. data:Yb_M17_35MinST/Data 1
Dichlorohexaaquaerbium chloride,( Er Cl2
( H2 O )6 ) Cl
Salammoniac, syn,N H4 Cl
Ytterbium Oxide,Yb2 O3
In
te
n
s
it
y
 (
c
p
s
)
77.38%
17.62%
5.01%
Dichloro...oride(%) Salammon..., syn(%)
Ytterbiu...Oxide(%)
272 
 
 
 
Figure 191:  XRD Scan (upper) and Rietveld analysis results (lower) of run 18 from the chlorination test 
matrix Sample Name Yb_M18 
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Figure 192:  XRD Scan (upper) and Rietveld analysis results (lower) of run 19 from the chlorination test 
matrix Sample Name Yb_M19 
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10.1.1. Confirmatory Chlorination Results 
 
 
Figure 193:  XRD Scan (upper) and Rietveld analysis results (lower) of run 20 from the chlorination test 
matrix Sample Name Yb_M20 
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Figure 194:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
18:1 mole ratio, 290oC.  Sample Name Yb_18_290_Confirmation second run. 
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Figure 195:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
12:1 mole ratio, 290oC.  Sample Name Yb_12_290_Confirmation. 
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Figure 196:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
18:1 mole ratio, 290oC.  Sample Name Yb_18_290_Confirmation. 
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Figure 197:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
18:1 mole ratio, 330oC.  Sample Name Yb_18_330_Confirmation 
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Figure 198:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
21:1 mole ratio, 290oC.  Sample Name Yb_21_290_Confirmation 
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Figure 199:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
21:1 mole ratio, 330oC.  Sample Name Yb_21_330_Confirmation 
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Figure 200:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
12:1 mole ratio, 290oC.  Sample Name Yb_12_290_Confirmation 
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Figure 201:  XRD Scan (upper) and Rietveld analysis results (lower) of confirmation test.  Parameters 1 hour, 
18:1 mole ratio, 330oC.  Sample Name Yb_18_330_Confirmation 
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10.2. TGA Plots 
10.2.1. Raw Data with Heat Flow 
10.2.1.1. Cerium 
 
Figure 202:  TGA plot and heat flow data of hydrated CeCl3 
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Figure 203:  TGA plot and mass loss analysis of hydrated CeCl3 performed by Hazen Research 
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10.2.1.2. Praseodymium 
 
Figure 204:  TGA plot and heat flow data of hydrated PrCl3 
 
Figure 205:  TGA plot and heat flow data of hydrated PrCl3 
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10.2.1.3. Neodymium 
 
Figure 206:  TGA plot and heat flow data of hydrated NdCl3 
 
Figure 207:  TGA plot and heat flow data of hydrated NdCl3 
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Figure 208:  TGA plot and heat flow data of hydrated NdCl3 
 
Figure 209:  TGA plot and heat flow data of hydrated NdCl3 
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10.2.1.4. Samarium 
 
Figure 210:  TGA plot and heat flow data of hydrated SmCl3 
 
Figure 211:  TGA plot and heat flow data of hydrated SmCl3 
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10.2.1.5. Europium 
 
Figure 212:  TGA plot and heat flow data of hydrated EuCl3 
 
Figure 213:  TGA plot and heat flow data of hydrated EuCl3 
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Figure 214:  TGA plot and heat flow data of hydrated EuCl3 
 
 
 
291 
 
10.2.1.6. Gadolinium 
 
Figure 215:  TGA plot and heat flow data of hydrated GdCl3 
 
Figure 216:  TGA plot and heat flow data of hydrated GdCl3 
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Figure 217:  TGA plot and heat flow data of hydrated GdCl3 
 
 
Figure 218:  TGA plot and heat flow data of hydrated GdCl3 
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Figure 219:  TGA plot and heat flow data of hydrated GdCl3 
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10.2.1.7. Terbium 
 
Figure 220:  TGA plot and heat flow data of hydrated TbCl3 
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Figure 221:  TGA plot and heat flow data of hydrated TbCl3 
 
Figure 222:  TGA plot and heat flow data of hydrated TbCl3 
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Figure 223:  TGA plot and heat flow data of hydrated TbCl3 
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10.2.1.8. Dysprosium 
 
Figure 224:  TGA plot and heat flow data of hydrated DyCl3 
 
Figure 225:  TGA plot and heat flow data of hydrated DyCl3 
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Figure 226:  TGA plot and heat flow data of hydrated DyCl3 
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10.2.1.9. Erbium 
 
Figure 227:  TGA plot and heat flow data of hydrated YbCl3 
 
Figure 228:  TGA plot and heat flow data of hydrated ErCl3 
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10.2.1.10. Ytterbium 
 
Figure 229:  TGA plot and heat flow data of hydrated YbCl3 
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10.2.1.11. Lutetium 
 
Figure 230:  TGA plot and heat flow data of hydrated LuCl3 
 
Figure 231:  TGA plot and heat flow data of hydrated LuCl3 
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10.2.2. TGA Analysis with Mass Loss Data  
10.2.2.1. Cerium 
 
Figure 232:  TGA plot and mass loss analysis of hydrated CeCl3 
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10.2.2.2. Praseodymium 
 
Figure 233:  TGA plot and mass loss analysis of hydrated PrCl3 
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10.2.2.3. Neodymium 
 
Figure 234:  TGA plot and mass loss analysis of hydrated NdCl3 
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10.2.2.4. Terbium 
 
Figure 235TGA plot and mass loss analysis of hydrated TbCl3 
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10.2.2.5. Dysprosium 
 
Figure 236:  TGA plot and mass loss analysis of hydrated DyCl3 
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10.2.2.6. Erbium 
 
Figure 237:  TGA plot and mass loss analysis of hydrated ErCl3 
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10.2.2.7. Ytterbium 
 
Figure 238:  TGA plot and mass loss analysis of hydrated YbCl3 
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10.3. Thermcraft Furnace Profile 
 
Figure 239:  Temperature profile over the length of the Thermcraft furnace, with and without bricks with 
given setting to achieve desired temperature range for chlorination of ore. 
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10.4. Hazen Reports 
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11. Miscellaneous 
11.1. Chemical CAS Numbers 
Table XXXIV:  Chemical Listing of all chemicals used and their respective CAS numbers in the entirety of 
this research. 
Chemical Name Chemical Formula CAS# 
Rare Earth Chlorides 
Dysprosium Chloride Hydrate DyCl3*XH2O 10025-74-8 
Erbium Chloride Hexahydrate ErCl3*6(H2O) 10025-75-9 
Europium Chloride Hydrate EuCl3*XH2O 13759-92-7 
Gadolinium Chloride Hexahydrate GdCl3*6(H2O) 13450-84-5 
Lutetium Chloride Hexahydrate LuCl3*6(H2O) 15230-79-2 
Neodymium Chloride Hydrate NdCl3*XH2O 10024-93-8 
Samarium chloride Hydrate SmCl3*XH2O 10361-82-7 
Terbium Chloride Hexahydrate TbCl3*6(H2O) 13798-24-8 
Ytterbium Chloride Hydrate YbCl3*XH2O 10035-01-5 
Praseodymium Chloride Heptahydrate PrCl3*7(H2O) 10025-90-8 
Lanthanum Chloride Heptahydrate LaCl3*7(H2O) 10025-84-0 
Cerium Chloride Hydrate CeCl3*XH2O 19423-76-8 
Rare Earth Oxides 
Cerium Oxide CeO2 1306-38-3 
Dysprosium Oxide Dy2O3 1308-87-8 
Erbium Oxide Er2O3 12061-16-4 
Europium Oxide Eu2O3 1308-96-9 
Gadolinium Oxide Gd2O3 12064-62-9 
Holmium Oxide Ho2O3 12055-62-8 
Lanthanum Oxide La2O3 1312-81-8 
Lutetium Oxide Lu2O3 12032-02-1 
Neodymium Oxide Nd2O3 1313-97-9 
Praseodymium Oxide Pr2O3 12036-32-7 
Samarium Oxide Sm2O3 12060-58-1 
Terbium Oxide Tb2O3 12037-01-3 
Thulium Oxide Tu2O3 12036-44-1 
Ytterbium Oxide Yb2O3 1314-37-0 
Other Chemicals Used 
Silicon Oxide SiO2 14808-60-7 
Aluminum Oxide Al2O3 1344-28-1 
Ferric Oxide Fe2O3 1309-37-1 
Calcium Oxide CaO 1305-78-8 
Sodium Carbonate Na2CO3 497-19-8 
Potassium Carbonate K2CO3 584-08-7 
Ammonium Chloride NH4Cl 12125-02-9 
Lithium Oxide Li2O3 12057-24-8 
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11.2. Thermcraft Brick Drawing 
 
 
 
Designed By: Bryce Ruffier 
Drawn By:  Dan Gaede 
Material:  Fire Brick 
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